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ABSTRACT

Experiments were conducted to determine what modifica-
tions to the current models of the human controller of
single-variable systems are necessary for them to be good
representations of the controller in two-variable situations.
These experiments were performed with a single compensatory
display and a single two-axis control., Two descriptors of
performance were obtained for each axis: (1) the normalized
mean squared error, and (2) the describing function. Of
prime interest was the extent to which performance on a given
axis was modified by the requirement of simultanecusly track-
ing a second axis. Three two-axis control situations were
investigated: (1) homogeneous control situation, in which
the input power spectra and controlled elements were identical
on X and Y, (2) heterogeneous inputs, in which the input band-
withs were different but the controlled elements identical,
and (3) heterogeneous dynamics, in which the controlled-
element dynamics were different but the input bandwidths
identical.

Two-axis performance degradation was small when the
tracking conditions were homogeneous and when the inputs
(but not the dynamics) were heterogeneous. Large and
significant performance differences were seen when the
dynamics were heterogeneous. In this situation the increase
in normalized mean squared error ranged from 15% to 125%,
depending on the subject and the axis under consideration.

In addition, there were important changes in the controller':
equalization.

Three factors that affect human controller character-
istics in two-axis control situations are identified. These
are: (1) visual-motor interaction, (2) differential alloca-
tion of attention, and (3) non-homogeneity of required
equalization when the controlled-element dynamics are non-
homogeneous.

A simple model has been developed for predicting visual-
motor interference effects. Models for the prediction of
attention and equalization effects have not yet been developed.
Single-axis describing function models for the human con-
troller should be modified fo include the effects of these
factors in order to obtain accurate predictions of human
controller characteristics in two-axis situations and prob-
ably also in higher-dimensional control situations.
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L N

STUDIES OF MULTI-VARIABLE MANUAL CONTROL SYSTEMS:

TWO AXIS COMPENSATORY SYSTEMS WITH
COMPATIBLE INTEGRATED DISPLAY AND CONTROL

I. INTRODUCTION

Most of the laboratory research on manual control systems
directed toward the development of mathematical models for the
human controller has dealt with single-loop, single-axis
systems, (Refs. 1-3). Mathematical models for the human con-
troller that provide accurate predictions of his behavior over
a wide range of single-axis control situations have resulted
from these studies. The recent report by McRuer, Graham,
Krendel and Reisner (Ref. 3) is the most comprehensive and
advanced contribution to the modelling of such single vari-
able systems yet to appear. However, most systems of practi-
cal importance are multi-variable systems and, therefore, it
is important to develop models for the human controller that
are applicable to situations in which he is contrclling
several variables simulfaneocusly. A good strategy for develop-
ing such models is to build upon the existing single-variable
models. Since several investigators (Refs. 4-8) have demon-
strated that human controller behavior in a two-axis control
situation is different from that in a singie—axis system, it
is evident to make them applicable to multi-variable control
situations. The nature and extent of the modifications that
we required have not yet been determined.

The research discussed in this report was the first phase
of a continuing theoretical and experimental study of multi-



variable manual control systems. The purpose of this research
was to investigate in detail the extent to which the current
single-variable models for the human controller apply to two-
axis control situations and to determine what modifications

to these models are necessary for them to be good representa-
tions of human controller behavior in two-axis situations.

In the next Section of this report, Section II, we re-
view briefly the status of single-variable describing
function models for the human controller. In addition we
review the pertinent literature on multi-variable human con-
troller behavior. With this background as a basis we present
several hypotheses relating to possible differences between
single- and two-variable control behavior. Section III is a
description of the experimental program. It contains a sum-
mary of the experiments performed, a description of the
apparatus used, and a description of the procedure followed
during the experiments. The analysis methods and performance
measures that we used to analyze and present the experimental
results are described in Section IV. Comparisons are made
between our results and those obtained by McRuer et al (Ref.
3). The experimental results are presented in Section V.

The results are discussed in Section VI, and modifications
of the single-variable human controller model are suggested
to provide a good representation of the humah controller in
a two-axis compensatory control Situation with compatible

integrated control and display.



IT. BACKGROUND

A, THE HUMAN CONTROLLER IN SINGLE-VARTABLE MANUAL CONTROL SYSTEMS

1. Describing Function Representations

In Fig. 1 is a block diagram of a flight control system.
The pilot views a display and responds to the information dis-
played on it by moving the control device. The control device
provides signals to the vehicle (controlled element) whose
dynamics are represented by the transfer function C(s).
Information about the response of the vehicle is processed
and fed back to the display.

Most of the describing function studies have been per-
formed with a compensatory display, an example of which is
in Fig. 2. The displacement of the single indicator, the dot,
is proportional to the tracking error. The human controller's
task is to move the control device so as to correct or to
compensate for this error. If the dynamics of the control
device are negligible compared to those of the hand or arm,
if the display is compensatory, and if the displayed error
is the only stimulus to the operator, the dynamic character-
istics of the system of Fig. 1 can be represented by the
simpler block diagram of Fig. 3. The dynamic characteristics
of the human pilot, which are non-linear, noisy, and time-
varying, can be represented by a guasi-linear operator H(s)
(the describing function) and a remnant noise n, (t), added
to the output of H(s).



2, Mathematical Models

The most comprehensive discussion of single-variable
models of the human controller appears in McRuer et al (Ref.
3). They offer models of varying degrees of complexity to
describe human control behavior in a wide variety-of tracking
tasks.

The simplest model states that the human controller
adjusts hils characteristics so that the combined pilot-vehicle
describing function will have a gain that decreases at a rate
of 20 db/decade in the region of gain crossover. Thus

-jo T
o e

Ho(jw) = =& e (1)
jo

where wc is the galn crossover frequency and Te is an effec-
tive time delay which includes neural conduction time,
central processing time, and the effects of high-frequency
poles. This model is intended to be valid only in the re-
gion of the galn crossover frequency (i.e., the frequency at
which HC = 0 db). Nevertheless, it 1s a useful model for pre-
dicting system performance, since a large fraction of the
spectrum of the tracking error is often concentrated in a
narrow frequency range that encompasses the gain-crossover
frequency.

The gain crossover model Implies that the human control-
ler adapts his dynamic behavior to that of the controlled-
element so that HC remains approximately constant, at least
in the region of crossover.



A simple describing-function model that illustrates
explicitly the adaptive capabilities of the human con-
troller is:

(T s+ 1) TS
H(S) —Khm (_T'N_s-{-—i) (2)

The lead-lag term (TLS+1)/(TIS+1) is an equalizer which to-
gether with the gain Kh is adjusted by the human controller

to achieve a good system performance. The delay T and the

lag ;/(TNS+1) approximate the dynamic characteristics of the
neuro-muscular system. =xperimentally-obtained estimates of

T are in the neighborhood of 0.09 second. When tracking with
controlled-element dynamics of K (which is one of the con-
trolled elements used in our experiments), the controller
generates a small lead time constant of about .11 sec, which
has the effect of cancelling the effects of the neuro-muscular

lag. He also employs a lag time constant and a gain K, such

that the gain crossover freguency is in the neighborhogd of

8 rad/sec. When tracking with K./s2 dynamics (the second
dynamics used in our experiments) the controller generates

a lead time constant of about 5 sec, has a neuro-muscular

time constant TN of about .11 sec, and essentially no equalizer
lag TI'
frequency of about 4 rad/sec.

He adjusts the gain K, to achleve a gain crossover

h

B. HUMAN PERFORMANCE OF MULTI-VARIABLE TASKS

1. General Multi-Variable Tasks

In order to construct a multi-variable model of the human



controller, we must determine to what extent the human is

able to process more than one channel of information simul-
taneously. If he is able to operate on only one variable at
a time, then a multi-variable model must include a switching
or scanning mechanism to account for sequential processing.

On the other hand, if he is able to operate on several task
variables simultaneously, we may be able to construct a multi-
variable model that is a simple parallel combination of
single-variable models.

Multi-variable situations which require sampling will
generally produce a degradation in the performance of one or
more of the component tasks. For example, overt visual sampl-
ing is required when pertinent information is presented on
widely separated displays. Motor sampling is necessary if the
human is required to manipulate more than one control with the
same hand.

Of fundamental importance to the entire question of
multi-variable manual control systems is whether or not there
will be performance degradations when overt visual and motor
sampling are not required. Some multi-variable displays which
do not require overt sampling are (a) two or more closely
spaced lights, all of which can be monitored simultaneously,
(b) a two-dimensional oscillographic display, and (c) a
combined single-visual and a single-variable auditory display.
The subject may execute a multi-variable response by (a)
depressing a number of keys, each with a different finger,

(b) manipulating a two- or three-dimensional control with one
hand, or (c) manipulating two controls, one with each hand,
for example. The individual-task performance may be degraded



in this type of multi-variable situation because of covert
sampling or some cther form of interference.

There is evidence that performance is degraded as the
number of task variables increases, even though overt sampling
is not required. For example, Brainerd et al (Ref. 9) found
that reaction time increased on the average as the number of
stimulus-response channels increased. Since in his experi-
ments all the visual stimuli could be monitored simultaneously
and all motor responses executed simultaneously, no overt
sampling was required. There was, therefore, interference
at the central processing level as the number of tasks was
increased. Similarly, Kristofferson (Ref. 10) found that
reaction time was greater when the subject was presented
information on two sensory modalities than when information
was presented on only one. He accounted for the task inter-
ference by a central switching of attention between the two
sense modalities in the two-variable task.

2. Multi-Variable Tracking

Todosiev et al (Ref. 4) recently completed a series of
two-dimensional tracking experiments in which one of the
objectives was to compare single-axis to two-axis performance.
The controlled-element dynamics were of the form K/s(Ts+1)
and were the same for both axes. The subjects were presented
with integrated control and display configurations.

The authors found that the lead time constant of the
human controller's describing function was significantly
greater in the two-axis situation than in the single-axis



situation for some of the tracking tasks studied. On the
other hand, they did not find a significant difference be-
tween the two-axis mean squared error performance and the
single-axis performance. Since the authors did not present
the means and variances of the single- and the two-axis
error scores, we are unable to judge the sensitivity of their

experiments.

Verdi et al (Ref. 5) investigated single-axis and two-
axis tracking behavior with controlled dynamics of accelera-
tion., Quickening was added to one or both of the axes in
some of the experiments. When there was no quickening, the
authors found a one-axls, two-axis difference in mean squared
tracking error of 65% which they claim was not statistically
significant. In addition, they found no significant one-
axis, two-axis differences in mean squared error when the
dynamics were quickened in both axes or when the dynamics wer
quickened in only one axis. They found a significant one-
axis, two-axis change in the describing function only when
one axis was quickened and the other axis was unquickened.

Additional studies have been conducted to investigate
various configurations of multi-variable control. 1In these
studies, human performance was described in terms of an
appropriate error measure only. The changes in the describ-
ing function resulting from changes in the multi-variable

control situation were not investigated.

Duey and Chernikoff (Ref. 6) compared single- and two-
axis performance when the controlled-element dynamics were
either pure acceleration or duickened acceleration. When



the dynamics in both axes were pure acceleration, the authors.
found that two-axis tracking caused a significant increase of
30% in integrated absolute error. When the dynamics in both
axes were quickened acceleration, they found no significant
difference between the single-axis and two-axis performances.
When the dynamics were mixed--pure acceleration on one axis
and quickened acceleration on the other--performance in both
axes was degraded by two-axis tracking.

Chernikoff et al (Ref. 7) investigated two-axis tracking
performance using various pairs of controlled-element dynamics.
The controlled dynamics were either K, K/s, or K/sz. The
subjects were presented with integrated control and display
configurations. For a given set of dynamics, they found that
performance was best when the dynamics in the two axes were
the same. The performance degradation increased as the dif-
ference between the X and Y dynamics increased. The authors
did not conpare single-axis performance to two-axis perfor-
mance with identical dynamics. It is unlikely that two-axis
performance was superior to single-axis performance under any
circumstances. We can reasonably conclude from their experi-
ments, therefore, that performance on a given axis of a
mixed-dynamics, two-axis, tracking task was inferior to per-

formance on that axis when tracked alone.

In a more recent study, Chrenikoff and LeMay (Ref. 8)
investigated two-axis tracking performance using various
control-display configurations as well as various paris of
controlled-element dynamics. The dynamics were either K or
K/sz. The subject was presented with a single two-variable
display or two single-variable displays, and with a single



two-axis control or two single-axis controls, one for each
hand. The presentation of two displays required visual
sampling; the operation of two controls, however, did not
require 6vert motor sampling.

When the X and Y dynamics were the same, performance
was best with a single-display, single-control configuration.
As expected, performance was degraded consistently by the
replacement of the single display by the two separated dis-
plays. Performance was degraded to a lesser extent by the
use of -two controls, presumably because the subject could
not make an integrated motor wresponse as well with two con-

trols as with a single control., Of greater interest are the
.Chrenikoff and LeMay results with different dynamics on the
two axes. Significantly better performance was obtained
with separated controls than with a single two-axis control
in this situation whereas the type of display had little
effect.

A few models of the two-axis human controller are sug-
gested by these results. One is that the two different types
of control responses demanded when tracking K and K/ég
dynamics simultaneously produce motor interference when only
a single control is used. That is, motions intended for one
axis may have a component on the other, with adverse effects.
A separation of controls requires only one type of control
résponse from each hand and should reduce moto? interference.
When the dynamics are the same, the control responses are of
the same form in the two axes. The effects of motor inter-
ference should therefore be less, and little benefit should
accrue from a separation of the controls,

-10-
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Another model, not mutually exclusive with the motor-
interference model, is that the complexity of the mixed-
dynamics task is so great that the subject is forced to
process the two axes separately. Separated controls allows
him to maintain channel separation throughout. On the other
hand, the two axes are processed in parallel when the control-
led dynamics are identical. A single control is more
efficient in this task. Hence, the multi-axis task is reduced
in effect to a single-axis situation, because it allows the
human to behave as a single-channel device throughout.

3. Pre-experiment Model of a Two-variable Human Controller

Figure 4 is a block diagram of a two-axis manual control
system which contains integrated control and display configura-
tions. The human controller monitors an integrated two-
dimensional display of the error and responds by manipulating
a control device in two orthogonal dimensions. Each of the
two orthogonal components of effector output is fed to a
controlled element,

The human controller is represented as a modified para-
llel processor in the block diagram of Pig. 5. The sensory
processor (visual system) monitors the error display and re-
solves the error into X and Y components. The central
processor determines the appropriate strategies (equalizer
characteristics) for the two axes. Commands are sent to
the motor (neuro—muscular) systems corresponding to each
axis of control., The X and Y components of hand motion are
summed vectorlally to yield a two-dimensional response.

-11-



If the human 1is truly a parallel controller, there
wlll be no interaction between signals processed on the two
axes, and the performance on one axis will be unaffected by
the presence or absence of a simultanecus task on the other.
The arrows between corresponding X- and Y-axis functions
indicate the possibility of one or more sources of interfer-
ence, or interaction, between axes. Peripheral sampling,
either visual or motor, has been eliminated by consideration
of an integrated two-dimensional display and control con-
figuration. Other potential sources of interference are
tabulated below according to the signal-processing level at
which they might occur.

a. Visual System
Perceptual interference. The presence of errors on one axis
may degrade the perception of error and error velocity in the

other axis.

b. Central Processing
Information processing limitation. Each axis by itself may

require the human to process information at a rate that is
greater than half of his capacity. Two such axes simultaneously
tracked will demand a processing rate beyond his capability,
with consequent performance degradation in one or both axes.

Single-channel behavior. The central processor may be able
to handle only one channel at a time and will be forced to

switeh betweern axes. Performance degradations will result
from the effective time delays added to the describing func-

tions on each axis.

-12-



Generation of different equalizations. When the controlled-

element dynamics are not identical, the human controller will
be required to generate different describing functions on X
and Y. The central processor may react to the complexity of
the tasks by (1) switching between channels, as discussed
above, or (2) failing to maintain the difference between the
X~ and Y-axis describing functions. That is, the two describ-
ing functions will be more similar to one another when two
axes are tracked simultaneously than when they are tracked
individually. Therefore, the strategy on one or bbth axes
will be non-optimal in the two-axis situation, and perfor-
mance will be degraded.

Variability. The human controller may be less able to main-

tain close control over his characteristics in the more
complex two-variable tracking task than in the single-variable
task. If the variability of the describing function increases,
the controller may have to increase his phase margin (and
conseqQuently tolerate a degradation in system performance).

Attention. If the component tasks of a two-~variable task are
of unequal difficulty, the subject may assign a higher cost
function to the more difficult task and therefore concentrate
on it to the partial exclusion of the easier task when the
two axes are tracked simultaneously.

¢. Motor System
Motor interference. Motions intended for one axis may in-

advertently produce components of motion in the other. This
type of interference may occur because the subject does not
make a control motion in precisely the direction intended.

-13-
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Motor interference will generally be uncorrelated with the
input signal on the axis on which interference occurs and
will therefore increase the rms tracking errors.

14—



ITT. EXPERIMENTAL PROGRAM
A, OBJECTIVES OF EXPERIMENTS

The purpose of our experimental program was to determine
the extent to which the human controller's behavior in two-
axis control situations differs from that in single-axis
sutuations, and to attempt to identify the source and type
of interference that is responsible for the difference in
behavior. As indicated in Fig. 5 we see that the visual,
motor or central processing systems are possible sources of
interferences. Perceptual interference (or masking), informa-

tion processing limitations, a single channel central processor,

a single strategy processor, increased variability, differen-
tial allocation of attention, and motor interference are
possible types of interference that could lead to one-axis

two-axis differences in behavior.

B. EXPERIMENTAL STRATEGY

Within the context of a classical manual control situa-
tion--dquasi-random input, compensatory display, linear
controlled element dynamics--it is possible to localize to
some extent the source and identify the type of interference.
Consider the following three control situations: (1) homo-
geneous dynamics and inputs--the same controlled element
dynamics and the same input power spectrum in the two axes;
(2) heterogeneous inputs, homogeneous dynamics--different
input spectra in the two axes, but the same dynamics; and (3)
heterogeneous dynamics, homogeneous inputs--different dynamilcs

-15-



in the two axes but the same input spectra. We may consider
each of these three experimental situations to have one of
two possible outcomes: there either is or is not a signifi-
cant difference between the single—axis performance and two-
axis performance of the human controller. There are thus
eight possible outcomes to the entire experimental program
(some of which are highly unlikely to occur in practice).
The four plausible outcomes and their implications are dis-
cussed below. The term "interaction" is used to designate

a one-axis, two-axis performance difference.

1., No Interaction

It is conceivable that with sufficient training the
subjects can learn to track each of two axes as well as a
single axis for all three experimental conditions. If so,
then we conclude that there is no motor or perceptual inter-
ference, that two control strategies can be processed as
well as one, that the human controller is not information
rate limited, and that increased variability (if any), has

no effect on performance.

2. Interaction in all Three Control Situations

In this eventuality we shall have to examine the details
of the describing function data in order to determine the
source of the interaction. Information rate limitation,
inability to generate simultaneously two different strategies,
and other effects resulting in time sharing at one or more
points should result in an increased effective time delay.
Difficulty in generating two strateglies may produce other

-16-



modifications of the describing function when the dynamics
are‘heterogeneous. Motor interference and random couplings
in the perceptual system central processor will cause an
increase in the part of the error that is uncorrelated with
the input. Increased variability in the human controller's
characteristics will cause an increase in the controller's
remnant, and may also cause an increase in the variability
of the NMSE and of the describing function parameters. If
the interaction occurs primarily on the axis providing the
easier task (i.e., resulting in the smaller NMSE), attentional
effects are indicated. If this is the predominant effect,
interaction should be greatly reduced by a redesign of the
experiment that results in equal NMSE!s on the two axes.

3. No Interaction in the Homogeneous Situation,

Interaction with Heterogeneous Dynamics or Inputs

This result allows us to localize partially the source
of the interference. We can conclude that the information
processing rate i1s not significantly limited, that there is
no perceptual or motor interference when the errors and
movements on the two axes of the same character, and that
the two information sources and processors on the two axes
are similar. Sources of interference are likely to be random
couplings, attentional effects, and, with heterogeneous
dynamics, difficulty in generating two strategles. The rela-
tive contribution of these sources may be ascertained from
the type of changes in describing functions, the extent of
the increase in the uncorrelated portion of the error, etc.
as described above. '
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L, 1Interaction Only with Heterogeneous Dynamics

This outcome allows us fto localize the source of inter-
ference still further. Lack of interaction with heterogenecus
inputs--a control situation which produces movements of dif-
ferent bandwidths on the two axes--minimizes the probability
that random couplings are a significant type of interference.
The most likely source of interference is the difficulty of
generating two control strategies simultaneously. This con-
clusion can be tested as described in part (2) above.

We have dichotomized the outcomes of the individual
experiments in order to simplify our interpretation of the
experimental results. In practice we expect a continuum of
interaction among the experimental conditions. From the re-
sults published in the literature and from the results of
some preliminary experiments that we performed (which are
discussed below), we can postulate that the experiments
suggested above will show that interaction increases as the
subjective difficulty of the task increases. That is, there
should be 1little or no interaction when the control situation
is homogeneous, more interference should occur when the
inputs are heterogeneous, and the most interference should

be seen when the dynamics are heterogeneous.

With these postulated results in mind we performed
experiments with the three types of control situations just
described. First, we ran an extensive set of preliminary
experiments to check the validity of these postulated results
and to choose the experimental parameters. Then we ran the
set of three formal experiments.
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C. PRELIMINARY EXPERIMENTS

The preliminary experiments are described fully in two
progress reports (Ref. 11 and 12) and we give here only a
brief description of them and of the results obtained. In
this preliminary series we investigated the two-axis, one-
axis differences with dynamics K/sz, K/s, and K. In some of
the experiments the dynamics in both axes were the same and
in others they were different. Inputs of different band-
widths were employed. One highly trained subject was used.
The results of these experiments indicate that with suffi-
cient training the subject could control each axis as well in
a two-axis situation as he could in a single-axis situation
when the controlled element dynamics and the input spectrum
on both axes were the same. However, when the dynamics in
the two axes were different, we found that performance in
each axis of the two axis situation was significantly worse

than in the corresponding one axis situation.
D. FORMAL EXPERIMENTS

Three formal experiments were performed in which there
were two main variables, the plant dynamics which were either
K/s2 or K, and the input forcing function bandwidth which was

3.5 rad/sec, 2.5 rad/sec, or 1.5 rad/sec.

1. Experiment 1: Homogeneous Control Situation

In the first experiment the dynamics in the two axes
were the same and the input forcing functions were the same.
The principal variable of this experiment, in addition to the
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one-axis two-axls primary variable was the input bandwidth.
The purpose of this experiment was to test the hypothesis
that the human controller could have two parallel channels

in a two-axis homogeneous situation with each channel operat-
ing as well as in a single-axis control situation.

Forcing functions having rectangular spectra with cutoff
frequencies of 3.5, 2.5, and 1.5 radians were investigated,
in that order. The corresponding controlled-element dynamics
relating stick displacement in cm. to error dot displacement
in cm. were 64/%2, 32/%2, and 16/%2. The forcing-function
spectra and the controlled-element dynamics were the same in
both axes for all experiments.

2. Experiment 2: Heterogeneous Inputs, Homogeneous

Dynamics

This experiment was performed to show whether or not the
parallel processing capabilities of the controller depended
upon the bandwidth of the movements. Forcing functions of
different cutoff frequencies were employed--the low-bandwidth
input (1.5 rad/sec) on the X axis and the high-bandwidth input
(3.5 rad/sec) on the Y axis. The waveforms were identical to
those used in the homogeneous-tracking experiment. In order
to provide maximum control-display compatibility, the con-
trolled-element dynamics were 64/%2 on both axes.

Two variations of this experiment were performed. The
mean square of the forcing-functions for both axes were equal
during the first variation. & second variation was conducted
with the mean-square of the forcing-functions readjusted to

-20-



A T —

.

produce approximately equal mean-squared tracking errors on
the two axes.

3. Experiment 3: Heterogeneous Dynamics, Homogeneous

Inputs

Homogeneous inputs were used in the third experiment,
but the controlled-element dynamics in the two axes were
different. One axis had acceleration dynamics of 64/82, whereas
the other had proportional dynamics of 4. The controlled-
element arrangement employed for each subject is shown in
Table 1. The forcing functions on both axes had cutoff fre-
quencies of 3.5 rad/sec, theilr mean-squared amplitudes were
equal, and the waveforms were identical to those employed in
the first experiment. The purpose of this experiment was to
confirm the result obtained by Chernikof et al. (Ref. 7) and
by us 1in our preliminary experiments that heterogeneous
dynamics lead to a degradation in the operator's ability to
behave as a two-channel controller. In addition, we wanted
to determine the extent and nature of the one-axis two-axis
differences in human controller describing functions in
order to develop a model for the controller that would be
applicable to this kind of heterogeneous situation.

E. DESCRIPTION OF APPARATUS

1. General Description

A functional diagram of the entire two-axis tracking
system is presented in Fig. 6. A linear signal-flow diagram
is given in Fig. 7. The human controller was presented with
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a two-axis compensatory display consisting of a single error

dot and a stationary reference circle. The controller attempted
to keep the dot in the center of the circle by manipulating a
two-axis contrel stick. The contrelled elements for each axis
were simulated on an Electronic Associates Inc. TR-48 analog
computer. The input signals, i.e., disturbance functions,

were provided by a multi-channel FM magnetic tape system.

The X and Y components of the system output were subtracted
respectively from the X and Y input signals to provide the

X and Y components of the displayed error.

2. The Display

The display and control were located in a subject booth
that was isolated acoustically and visually. A photograph of
the subject booth is shown in Fig. 8. The display was pre-
sented on the face of an oscilloscope of 12-cm diameter. An
overlayed reticle provided a rectangular array of grid lines
separated by 1 cm. The subject was instructed to center the
reference circle before a frial in order to correct for driffts
in the system. The distance between the subject's eyes and
the display was between 30 and 40 cm. The subject was allowed
to choose a distance within this range that was comfortable.

3. The Hand Control

With his right hand the subject manipulated a flexible
nylon stick attached to a force-sensitive hand control (Measure-
ment Systems Hand Control, Model 435). 1In order to provide a
high degree of control-display compatibility, the control was
oriented so that the stick was horizontal and could be moved
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.in a plane parallel to the scope face. The response of the

error dot to a deflection of the stick was in the same direc-
tion as the stick motion. The nylon stick provided an omi-
directional spring restraint with a restoring force of .45
kgm per cm deflection of the tip of the stick.

The stick was located 25 cm to the right and 36 cm below
the center of the display scope; the tip protruded 7 cm beyond
the plane of the scope face. The subject used wrist motions
to manipulate the stick and he was provided with an arm rest

to support his forearm.

The transducer of the hand control provided two indepen-
dent electrical outputs, one proportional to the X- and the
other to the Y-component of deflection. The output of the
transducer in each axis was U4 volts per cm of steady-state
deflection. The stick was allowed to move freely in both axes
in all experiments. In the single-axis experiments the error
dot in the inactive axis was clamped electronically at zero

displacement.

4., Controlled-Element Dynamics

The dynamics of the controlled element were either pro-
portional (K), or acceleration (K/s2). The gains of the
controlled elements were adjusted so that the control effective-
ness mwould be roughly the same for all bandwidth conditions
of Experiment 1 (homogeneous control situation). In Experi-
ment 3 (heterogeneous dynamics), the gains were adjusted so
that the control effectiveness in each axis would be the same
as in Experiment 1. The control effectiveness was defined for
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an axls having acceleration dynamics as the maximum error dot
acceleration obtainable divided by the rms acceleration of
the forcing function. For proportional controlled-element
dynamics, control effectiveness was the ratio of the maximum
error dot displacement obtainable to the rms displacement of
the input. Since the control stick had no mechanical stops
to limit its deflection, the maximum stick deflection was
arbitrarily chosen as 3 cm for purposes of calculation. This
deflection was never exceeded during the experimental trials.

5. PForcing Functions

The input signals were pseudo-Gaussian with augmented
rectangular power spectra. Each input signal contained a
primary and a secondary component as shown in Fig. 9. Both
components were constructed by summing 40 or more sinusoids
of equal amplitudes spaced linearly in frequency. Therefore
they had essentlally flat power spectral densities extending
from slightly above zero rad/sec to their respective cutoff
frequencies. The cutoff frequency of the primary signal, w, ,
was either 1.5, 2.5, or 3.5, rad/sec. The cutoff frequency
of the secondary component was 9 rad/sec in all cases. The
power level of the secondary component was 26 db below that
of the primary component. Preliminary experiments indicated
a secondary signal would permit valid measurements beyond the
frequency range of the primary signal without affecting very
much the low-frequency behavior of the human controller. The
X and Y input signals were linearly uncorrelated in all cases.

In Experiments 1 and 3 and in the first variation of
Experiment 2 the mean-square deviation of the forcing function
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was 4.0 cm® on each axis. Thus, the total (i.e., X plus Y)
mean squared amplitude was U4 cm2 for either single-axis task
and 8 cm2 for the two-axis task. In the second variation of
Experiment 2, in which we adjusted the input magnitude to
produce approximately equal errors in the two axes, mean-
squared input levels were 6.9 and 1.1 cme, on the X and Y
axes, respectively. The two-axis total input level was

thereby maintained at 8 cm2.

6. Knowledge of Performance

The subjects were instructed to minimize the mean-
squared tracking error. In order to encourage the subjects
to adopt this criterion, they were given knowledge of their
performance in two ways. A delayed indication was provided
in terms of the performance scores, which were available for
inspection after each block of trials. Performance was
measured in terms of normalized mean-squared error for each
axis tracked. Complete histories of the performance of all
subjects were posted and shown to each subject in an attempt
to foster a spirit of competition.

Continuocus feedback of the subject's performance was also
provided by variations in the diameter of the reference circle.
The instantaneous circle dlameter D(t) was approximately

Tt
1 2
D(t) =5 fT [Kee, “(t) + K

2
t dt D
Yey ()] + o} (3)
where Kx and Ky were weighting factors applied to the X and
Y errors, and Do’ the minimum diameter, was set to 0.3 cm.

The short-term averaging was approximated by a first-order

low-pass filter having a time constant of 10 seconds,
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In order to provide uniform inventive to the subjects,
the welghting constants Kx and Ky were adjusted inversely tu
the difficulty of the task so that the circle diameter was
roughly 0.6 cm on the average for all experimental conditions.
The proper settings of the weighting constants for the single-
axls experimental runs were determined on the basis of the
single-axis performance. When the subject tracked both axes
simultaneously, X,  and K, were readjusted so that (1) the
average circle diameter in the two-axis task would be the
same as in each of the single-axis tasks (provided that the
subject performed as well on each axis in the two-axis task
as in the single-axis task), and (2) the errors on the two
axes would contribute equally to the circle diameter. Thus,
if Kx and Ky were the weighting constants needed to maintain
an average circle diameter of 0.6 cm in single-axis tracking,
the weighting constants in the two-axis task would be Kx/2
and Ky/2. This procedure was adopted to encourage the sub-
Ject to attend equally to the two axes even though the X and
Y tasks might be unequal in difficulty. There was one excep-
tion to this rule: Kx and Ky were made equal for the homo-
geneous control situation in order to simplify the experi-
mental procedure even though there were X- and Y-axes

differences.

F. SUBJECTS

Three subjects participated in the first experiment, two
in the second, and three in the third, as shown in Table 2.
All subjects were college students without flight experience
who received extensive training in the tracking situations
tested in these experiments. Most of the training was in a
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two-axis situation with K/s2 dynamics. As the subjects

became more proficlent the forcing function bandwidth was
increased to increase the task difficulty to the level that
they would encounter in the actual experiments. A typical
record of the normalized mean-square error during training of
one subject is shown in Fig. 10. The training pericd extended
over 1—1/? months before Experiment 1 was run, durlng which
time the subjects received approximately fifteen hours of
tracking practice. During this period their performance
improved markedly and appeared to approach a fairly stable
level. When the control situation was changed to include new
dynamics or to be heterogeneous, the subjects received more
training in the new situation until their performance appeared

to become stable.

G. PROCEDURE

Data taking required a total of nine 4-minute trials per
subject per experimental condition. The trials were presented
in a balanced order as shown by the experimental plan out-
lined in Table 3. The trials were grouped into three sessions,
each of which contained an X-axis, an Y-axis, and a two-axis
trial. The sessions were separated by 15-minute rest periods,
and the trials within a session were separated by l1-minute
rest periods.: - Each axis condition was included in each ses-
sion to allow the pairing of performance scores and thereby
reduce the influence of learning and fatigue on the experi-

mental results.

Three performance scores were obtained during each 4-
minute trial. The middle 3-minutes of each trial was divided

-27-



into scoring periods of 48 sec, separated by intervals of 18
secs for readout and for resetting the scoring integrators.#¥
The subject, however, was unaware of the scoring times and
tracked continuously for the entire 4 minutes.

Since the input signals were provided via a tape system,
the same 4-minute segment could be presented repeatedly to a
subject. This was done in order to minimize experimental
variation and to determine the dependence of the operator's
behavior on the particular waveshape of the forcing function.
Thus, only one pair of input waveforms (one for X and the
other for Y) was used for each experimental condition. Each
waveform was tracked six times during the course of data
taking--three times alone and three times simultaneously
with the other input. Learning of the waveform by the sub-
ject was not expected to influence the experimental results
significantly. That is, although the scores were expected
to be somewhat lower than if the subject had been tracking
the output of an on-line random noise generator, we assumed
that learning would not affect the differences, if any, be-

tween single- and two-axis performance.
H. PERFORMANCE AND DESCRIPTIVE MEASURES

Mean-squared error scores were computed to provide an
indication of overall system performance. Human controller

¥ A slightly different experimental plan was followed for
subject EK during the preliminary phase of the experiment.
Twenty-seven trials were recorded, as outlined in Table
4, and a single measure was obtained per trial.
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describing functions were also obtained to provide a descrip-
tion of the controllers' characteristics. The techniques
used to compute these measures, the calibration of the
measurement techniques, comparisons between our results and
those obtained by McRuer et al (Ref. 3), and the variability
of our results are discussed in detail in Section IV.
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IV. ANALYSIS TECHNIQUES

A, DESCRIPTIVE MEASURES

1. Normalized Mean-3quared Error

Normalized mean-squared errors (NMSE) were computed for
each axis individually and for the two-axis task as a whole.
The NMSE for an individual axis was obtained by dividing the
mean-squared tracking error on that axis by the corresponding
mean-squared input deviation., When two axes were tracked
simultaneously, two such independent measurements were ob-
tained, one for each axis. The error scores obtalned during
two-axis tracking were also combined to yield single, total-
task NMSE. This measure was computed by dividing the total
squared error by the total squared input. In order to have
a combincd-axis measurement relating to single-axis perfor-
mance, the sum of the mean-squared errors obtained from the
X and Y axes tracked singly was divided by the sum of the X
and Y mean-squared inputs. This measurement can be inter-
preted as the '"predicted" two-axis performance; that is, it
would be equivalent to the two-axis measurement if the sub-
Jject performed equally in the two-axis and one-axis situations.

2. Describing Functions

Human controller describing functions relating centi-
meters of stick displacement to centimeters of error displace-
ment were obtained using a multiple regression analysis technique
described in earlier reports (Ref. 13 and 14). This technique
employs a model composed of a linear combination of a set of
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orthogonalized exponential filters to represent the human
controller's characteristics. The parameters of the model
are given in Appendix A. The input signals used in our
experiments extended out.to 9 rad/sec and thus provided data
on the describing function out to this frequency. In most

of our measurements the tracking error was used as the input
to the model and the human controller's stick movement was
matched by the output of the model. Such error-to-stick
measurements provided all the describing function data when
the controlled element was K/s2. When the controlled element
was K, error-to-stick measurements provided describing func-
tion data at frequencies only up to 4 rad/sec. In order to
avolid inaccuracies at higher frequencies resulting from
circulating remnant, additional describing functions were
determined which related system input to system output. A
closed-to-open-loop conversion of these measurements provided
describing function data for the human controller at fre-

quencies above U4 rad/sec.
B. CALIBRATION

1. Prewhitening

With K/s2 dynamics 1t was necessary to pre-whiten the
error and stick signals used for computing the human con-
troller's describing function by passing these signals through
a single stage, low-pass filter implemented on the digital
computer. Even though the input forcing function was essen-
tially flat up to the cut-off frequency, the controlled-
element dynamics of K/s2 resulted in a stick spectrum that
increased at approximately 12 dB per octave., Since the
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analysis technique finds the describing function whose output
matches the stick signal with least mean-squared error, the
describing function obtained when the stick signal has most
of its power concentrated at high frequencies could differ
greatly from the controller's actual describing function at
low frequencies without significantly affecting the match
between model output and human controller output. Pre-
whitening with low-pass filters reduced the high frequency

of stick signal. Consedquently, the measured describing
function matched the controller's actual describing function

over a wider frequency range.

2. Validation of Describing Function Measurements

To verify that the regression analysis techniques deve-
loped by Elkind et al (Ref. 13 and 14) were capable of
measuring the kind of human controller describing functions
likely to be encountered in this experiment, a number of
validation measurements were taken. In one set of these
measurements a manual control system with C(s) = K/s2 was
simulated on an analog computer and an analog filter was
substituted for the human contrecller. The transfer function
of the analog test filter was of the form K(s+s,)/(s+s,),
where 85 > S4. McRuer et al (Ref. 3) have shown that except
for the absence of a time delay, this is an appropriate
representation of human controller characteristics for
controlled-element dynamics of K/se.

An initial test was conducted to determine the ability

of our analysis procedures to reproduce the transfer function
of the analog filter under optimum measurement conditions,
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that is, with a wide-band pseudo-Gausslan noise source driving
test the filter directly. The test filter was not embedded
in a feedback loop. The transfer function of the test filter

was

F(S) =M (3)
(s + 4)

The forcing function was one of those used in our experiments
and had a bandwidth of 3.5 rad/sec. The signals were not pre-
whitened.

The experimental and theoretical transfer functions are
compared in Fig. 11. The mean-squared difference between
the outputs of the model and the test filter was less than
1%. The difference between theoretical and computed ampli-
tude ratios was less than 2 dB over the entire measurements
range of 1/16 to 16 rad/sec. The difference between theoreti-
cal and computer phase shift was less than 10 degrees between
1/16 and 4 rad/sec and incremented at higher frequencies.
The large (200—400) high frequency phase difference result
from the fact that the orthonormal filters used in the analysis
procedure had poles at negative real fredquencies of .33, 1,
3, 9, and 27 rad/sec. Such a filter set will have a phase
lag of at least 30O at 16 rad/sec because of the presence of
the pole at s = -27. 1In the case of the human controller,
this additional lag should not be the source of appreciable
error because the human's neuro-muscular lag and time delay
will introduce phase lag at high frequencies. These sources

of lag were not included in our test filter.
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A subsequent test was performed to evaluate the analysis
techniques under measurement conditions more appropriate to
the experimental situation. The test filter representing
the human controller was placed inside a simulated control
loop so that its input and output waveforms would be similar
in spectral content to the error and stick signals obtained
during tracking with K/52 dynamics. The transfer function of
the test filter was

F(s) =%w (1)

(s + 4)

The system was excited by the same forcing function used in
the preceding test. The model had poles at negative real
frequencies of 2, 2.8, 4, 5.7, and 8 rad/sec. This set of
filter poles was used to model some of the human controller
describing functions. The filter was analyzed under two
conditions: (1) with "remnant" (uncorrelated noise) added
to the simulated stick output, and (2) without "remnant'.
The signals were pre-whitened for analysis in both cases.
The additive noise term was provided by a recording of the
control motions of a human tracker obtained under similar
experimental conditions. Since the forcing function corres-
ponding to the human data was uncorrelated with the one driv-
ing the analog network, the noise component was linearly
uncorrelated with that portion of the filter response
elicited by the forcing function. The mean squared ampli-
tude of the analog remnant was adjusted to be about 30% of
the mean squared amplitude of the total response of the

filter simulating the human controller.
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The measured describing functions obtained in this valida-
tion experiment are compared with the calculated response of
the test filter in Fig. 12. Without remnant the measured
describing function was able to account for 99% of the output
power of the analog filter. Figure 12 shows that the range
of frequencies over which the measured and calculated ampli-
tude ratios differed by 6 dB or less was 1/2 to 16 rad/sec
for the simulation without remnant and 1/4 to 16 rad/sec when
remnant was included. Amplitude ratios measured under both
conditions were within 3 dB of the computed values between
1/2 and 4 rad/sec. Differences of less than 25 degrees
between measured and computed phase shift were found between
1 and 8 rad/sec for the simulation without remnant and between
1/2 and 4 rad/sec for the simulation with remnant. If we
consider that most of the phase errors at 8 and 16 rad/sec
would have been eliminated if we had included an additional
lag and time delay in the test filter, it appears that
reasonable measurements of the human controller's describ-
ing function can be obtained between 1/2 and 16 rad/sec.

Very accurate measurements can be obtained in the range of

1 to 4 rad/sec, wherein lies most of the tracking error power,

We can also calibrate our analysis techniques by compar-
ing the measurements obtained with our technique with the
results obtained by other investigators using different
methods. In Fig. 13 is a plot of the open loop describing
function (human controller plus plant dynamics) obtained with
dynamics of K'S2 and an input forcing function of 2.5 rad/sec.
Also plotted on the figure is an open loop describing func-
tion obtained by McRuer et al (Ref. 3) with the same dynamics

and a similar input forcing function. Standard deviations of
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amplitude ratio and phase shift at selected frequencies are
indicated by brackets. Note that our results and McRuer'!s are
of the same form. In particular, we both obtain approximately
the same crossover frequency, wb, of about 4 rad/sec. The
principal difference in the two sets of results is that our
low frequency amplitude ratio is about 10 db higher than
McRuer's.

Another comparison between our results and McRuer's is
provided by the relationship between mean-squared error and
input forcing function bandwidth. McRuer shows that the
normalized mean-squared error is related to the cutoff fre-
quency of the input forcing function by the so-called one-
third law
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where wi is the bandwildth of the input signal and w, the open
loop gain crossover freduency. The values of NMSE predicted
by the one-third law are compared with the values obtained
experimentally in Fig. 14, ®, was taken to be 4 rad/sec for
the theoretical calculations. The experimental values used
in the figure are the averages over three subjects of the
NMSE in a single axis control system with K/52 dynamics. On
the whole the agreement between the theoretical and measured
values is good.
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3. Relation Between Describing Function and NMSE

The relation between the NMSE and H(jw) is generally
complex and depends on the precise shape of H(jw), the con-
trolled dynamics C(Jjw), and the input spectrum I(w). Of
greater importance to the context of this experiment is the
relation between changes in H(jw) and changes in NMSE under
conditions in which I(w) and C(jw) are invariant. A simple
relationship can be derived if we assume that:

1. The magnitude of the open-loop transfer func-
tion HC(jw), in linear units, is much greater than unity.

2. The operator adopts the same strategy in one-
and two-axis situations; that 1s, the Bode plots differ only

by a constant shift in gain.

3. The amount of error not correlated with the
input 1s roughly proportional to the correlated error.

The power density spectrum of the mean-squared tracking
error, Se(jw) is
Si(w) . Si(w)

S (Jw) = = (6)
€ |1 + Hel®  |ucl®

where Si(w) is power density spectrum of the input. Only
that portion of the error correlated with the input signal
has been considered. Let Hl(jw) be the human-operator des-
cribing function appropriate to l1-axis tracking, and let
KHl(jw) be that corresponding to 2-axis tracking. The ratio
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of two-axis to one-axis mean-squared errors is then

1 .
—g—T- 2 (7)

Expressed in dB the difference between human-operator des-

cribing functions is

2
9 e|2 (8)
20 log K = -10 log ——
g e 1

l

Thus, decreases in gailn of 1, 2, and 3 db should corres-
pond respectively to increases in NMSE of 26%, 58%, and 100%.

C. VARIABILITY OF RESULTS

1. Expected Trend in Variability

McRuer et al (Ref. 3) have shown that the human controller
generates a describing function that is highly repeatable over
a confined portion of the spectrum when tracking with a con-
trolled element of K/SQ. The range of high repeatability
generally spans a two to three octave band lying immediately
below the galn-crossover frequency. The variability of
repeated measurements of the describing function outside
this frequency range is relatively large. A reasonable
explanation for the observed behavior is that the human
controller tries to maintain a tight control over his des-
cribing function only in the frequency region that is critical
to good system performance. It is easy to show that when
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w;, < w, over 98% of the error power is contained within the
frequency range of wr/u to w;. Therefore, poor control over
the transfer function outside this region wlill have little
effect on the mean squared tracking error (provided that a
reasonable phase margin is maintained).

In summary, we should expect to obtain highly repeatable
measurements of the describing functlon over the highest two
octaves of frequency spanned by the forcing function. On
the other hand, we expect variable results outside thls range
because (1) the reliability of the measurements is degraded
for K/s2 tracking because of the relative lack of control
power and (2) good system performance does not require tight
control of the describing function outside the critical two-

octave frequency band.

2. Intrasubject Variability

Single-axis describing functions for a typical subject
are presented in Fig. 15. Each value of amplitude ratio and
prhase shift is the mean of three measurements. The standard
deviations of the measurements are indicated by brackets.
The controlled-element dynamics were either K (Fig. 15a) or
K/s2 (Fig. 15b). The bandwidth of the forcing function was
3.5 rad/sec.

The repeatebility of the measurements was relatively high
for both tracking situations. The standard deviation of the
amplitude ratio measurements was 3 db or less at all measure-
ment frequencies for both proportional and acceleration
tracking, and the standard deviation of the phase shift was

-39-



less than 15 degrees. 1In the critical frequency range of
1-4 rad/sec (and, in fact, up to 16 rad/sec) the standard
deviation of the amplitude ratio was less than 1 db.

3. Intersubject Variability

Intersubject variability is illustrated in Fig. 16.
Each describing function shown is the mean of three single-
axls describing functions, each from a different subject.
The describing functions correspond to proportional tracking
(Fig. 16a) and acceleration tracking (Fig. 16b).

The variability among subjects was greater than the
varilability within subjects, although the repeatabllity over
the critical frequency region was good. For acceleration
tracking, the standard deviations of the amplitude ratio and
phase shifft were less than 3 db and 10 degrees, respectively,
at frequencies above 1/2 rad/sec. The standard deviation of
the phase shift was considerably larger at lower frequencies,
owing to the anamolous response of one subject. The range
of good repeatability was greater for proportional tracking.
The standard deviation of the gain was less than 3 db at all
frequencies above 1/8 rad/sec; the standard deviation of the
phase shift was less than 35 degrees over the entire measure-

ment range..
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V. EXPERIMENTAL RESULTS
A, EXPERIMENT 1: HOMOGENEOUS CONTROL SITUATION

1. NMSE Scores

Tables 5 through 7 indicate quantitatively the difference
between one-axis and two-axis performance. The levels of per-
formance for each subject under each axis-bandwidth condition,
for one- and two-axis tracking separately, are presented in
Table 5. Each of these entries represents an average NMSE
based on nine data points, three scores for each of three
runs. Also shown for each condition are the average perfor-

mance levels of the three subjects.

The percent difference between the one- and two-axis
scores for each subject under each bandwidth-axis condition
are given in Table 6. Each entry represents the percent
change in NMSE on a given axis caused by the addition of a
simultaneous tracking task on the other axis. The percent

change is defined as:

(2-axis NMSE) - (d-axis NMSE) y 4.4 (9)
(1-axis NMSE)

ANMSE =

A positive change indicates that one-axis performance was
superior. The average ANMSE of the three subjects for each
bandwidth-axis condition are also indicated in the table.
FEach entry is the average of twenty-seven scores.
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Table 7 shows the average percent change in NMSE for
each subject averaged across the three bandwidth conditions.
Each entry 1s the mean of twenty-seven data points. Also
shown are the average changes under each axis condition aver-
aged over the three subjects.

A three-factor analysis of variance (Ref. 15) was per-
formed on the error scores for each axis-bandwidth condition.
There were three bandwidth conditions (1.5, 2.5, and 3.5
rad/sec cutoff frequencies) and three axis conditions (X,

Y, and total-task), requiring nine separate analyses. The
three analysis factors were (1) number of axes tracked simul-
taneously (i.e., one- or two-axis tracking), (2) subject, and
(3) input segment. There were three replications of each
number-subject-segment condition. A factorial representation
of the data is presented in Fig. 17. The analyses of vari-
ance are presented in Tables B1 to B9 of Appendix B. The
NMSE scores were scaled for computational purposes, as indi-
cated in each table.

The primary purpose of the analysis of variance was to
test the null hypothesis that the average two-axis NMSE was
not significantly different from the average one-axis NMSE.
An equivalent statement is that the primary quantity of
interest 1s the significance of the F-ratio pertaining to
differences along the number-of-axes dimension. Differences
along this dimension will be referred to as the "number effect".
Differences in tracking proficiency among subjects and dif-
ferences in the difficulty of each segment of the forcing
function are of secondary interest.
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In order to test the significance of the number effect,
1t was necessary to test first the significance of the inter-
actions between number of axes tracked and subject and be-
tween number and segment. A significant interaction of either
of these types implies that the change in performance caused
by the addition of a second axis of tracking varied signifi-
cantly among subjects or among segments. The variance of the
number effect was tested against the variance of whichever
interaction was significant. If there were no significant
interactions, the variance of the number effect was tested
against the experimental (i.e., "within cells") variance. The
number effect sometimes falled to be significant because of a
significant subject-number interaction. That is, although
one or more of the subjects individually showed significant
number effects, the one-axis two-axis differences varied so

greatly among the subjects that no statistical significance

would be attached to the behavior of the population as a whole.

The data corresponding to the 3.5 rad/sec input band-
width are summarized in Tables Bl to B3. Number effects were
not significant on the X axis, significant on the Y axis at
the 0.001 level, and significant for the total task at the

C.01 level. There were no significant interactions.

Tables B4 to B6 summarize the experiment with the 2.5
rad/sec forcing function. No significant number effects and
no significant interactions appeared on the X axis or in the
total task. There was a significant (0.05 level) subject-
number interaction on the Y axis. When tested against the
interaction variance, the main number effect failed to be
statistically significant.
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The data corresponding to the 1.5 rad/sec forcing func-
tion are summarized in Tables B7Y to B9. Significant number
effects occurred on the Y-axis and in the total task, but not
on the X axis. There were no significant interactions.

The experimental conditions which yielded significant one-
axis, two-axis differences in NMSE are indicated in Table 6,
The significance of the entries representing the average
behavior of the three subjects was determined by the analyses
of variance previously described. The significance of the
results for each subject individually was computed as fol-
lows: (1) each NMSE score obtained from a single-axis trial
was subtracted from the corresponding score obtained during
two-axis tracking; nine such paired-difference scores were
computed for each subject-axis-bandwidth condition; (2) the
hypothesis that the mean of the paired differences was zero
was tested by a two-tailed Student's t-test. Pairing of the
scores in this manner eliminated segments and replications as
first-order sources of variance. The sensitivity of the
experimental procedure was such that an average fractional
change of about 15% would be significant at the 0.05 level.

Table 6 shows that the percent change in total task NMSE
did not increase with input bandwidth. For bandwidths of
1.5, 2.5, and 3.5 rad/sec, respectively, the average changes
were 10% (significant at the .05 level), 4% (not significant),
and 13% (significant at the .01 level).

As indicated by the analysis of variance, the changes

were greater on the Y axis than on the X axis. One-axis two-
axis differences ranged from 3% to over 40% on the Y axis and
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were consistently significant for two of the subjects. On
the other hand, changes on the X axis were less than 15% for
all subject-bandwidth conditions and were not statistically
significant.

Differences between the X-axis and Y-axis performance
degradations are summarized in the botton row of Table 7,
which shows the percent changes averaged over all subject-
bandwidth conditions. Whereas two-axis tracking caused a
24% increase in NMSE on the Y axis, a change of only 1%
was observed on the X axis. The average total-task increase

was 9%.

Differences between subjects are also shown in Table 7.
Subject RL showed changes of 10% or less for the X axis, Y
axis, and total-task performance. While subject CP also
showed a change of less than 10% in total task performance,
he showed a 10% decrease in NMSE on the X axis and a 27%

increase on the Y axis in the two-axis situation. The re-

maining subject, BL, showed the largest change in total-task
performance (16%) and also showed a considerably greater
degradation on the Y axis than on the X axis.

2. Describing Functions

Average human-controller describing functions are shown
for each bandwidth condition in Figs. 18 to 20. Each describ-
ing function is the average of three describing functions, one
for each subject. All of these measurements were made on the
Y axis, on which the differences between one- and two-axis
NMSE's were the greatest.
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Figure 18a shows the average one-axis and two-axis* des-
cribing functions for the 3.5 rad/sec input bandwidth condition.
The difference between these two describing functions is shown
in Fig. 18b. Figures 19 and 20 show the describing functions
for the 2.5 and 1.5 rad/sec input bandwidth conditions. A
t-test revealed that there were no significant differences
between corresponding one-axis and two-axis describing func-
tions. 1In general, the differences between one- and two-axis
amplitude ratios were about 1 dB, and the phase differences
were about 50. These small differences are in accord with
the small one axis-two axis percent differences in NMSE.

3. Summary

There were statistically significant but generally small
changes in normalized mean squared error, with most of the
change occurring on the Y axis. The deleterious effect of
two-axis ftracking did not increase monotonically with the
task difficulty. The average fractional increase in NMSE,
averaged over all subjects and bandwidth conditions, was 9%
for the total task measurement. Changes in the describing
functions were correspondingly small and of no statistical

or practical significance.

¥ The term "two-axis describing function'" refers to a des-
cribing function measured under two-axis tracking condi-
tions. The describing function is a one-dimensional
descriptor which relates a single input varlable to a
single output variable,
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B, EXPERIMENT 2: HETEROGENEOUS INPUTS, HOMOGENEOUS DYNAMICS

1. NMSE Scores

The average NMSE for each subject-axis combination are
shown in Table 8. Also shown are the percent changes in NMSE
caused by the addition of a second axis of tracking. Each
entry is the mean of nine measurements. Asterisks signify
entries that are significantly different from zero as deter-
mined by a t-test.

The top two rows of Tables 8a and 8b were obtained with
equal forcing-function levels on the X and Y axes. The third
row was obtained from a redesign of the experiment with sub-
ject RL, The data averaged in the third row were obtained
from subject RL after the input levels were readjusted to
provide nearly edqual mean sduared errors in the X and Y
axes., The resulting mean squared input levels were 6.9 and
1.1 cm2, respectively, on X and Y. The mean sduared input
level for the total two-axis task was fixed at 8.0 cm2 for

all experiments.

Tables B1O0 and B12 contain analyses of variance for X,
Y, and total-task measurements using data obtained from sub-
ject CP and from the first experiment with subject RL. There
were no significant number effects. Table B10 shows that
there was a highly significant subject-number interaction on
the X axis, on which the input bandwidth was 1.5 rad/sec.

Let us consider first the results of the exXperiments in
which the X and Y forcing functions were equal. Both subjects
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showed changes of less than 5% for the total task; neither
of these changes was statistically significant. There was a
noticeable difference, however, in the way each subject modi-
fied his performance when tracking two axes simultaneously.
Subject CP showed negligible changes in NMSE on both axes.
Subject RL showed statistically significant changes on both
axes. His NMSE decreased by 16% on the high-bandwidth axis
(the Y axis), whereas his X-axis NMSE nearly doubled in the
two-axis situation. The small effect that this relatively
large increase in X-axis error had on total task performance
was due to the existence of much larger errors on the Y axis.
When subject RL tracked the two axes simultaneously, only
25% of the total mean squared error appeared on the X-axis.

The amplitudes of the forcing functions were readjusted
as explained above in order to show that subject RL was
influenced by the relative magnitudes of the X and Y error
signals. The results of this modification are shown in the
bottom row of Table 8b. Under these conditions the changes
in performance induced by two-axis tracking were less than
10% on each axis and were not statistically significant. As
before, there was no significant change in the total-task

performance.

2. Describing Functions

Human-controller describing functions for each subject
for X and Y separately are shown in Figs. 21 to 24, Each Bode
plot is the result of a single 100-sec measurement. Each
figure contains corresponding one- and two-axis describing
functions as well as a plot of the difference between them.
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The form of the describing function was approximatéif—
the same for one- and two-axis tracking on a given axis.

- Figures 22 and 24 show that the changes in amplitude ratio

on the high-bandwidth axis were generally less than 2 dB and
were not consistent in direction. Phase changes were less
than 150. Figures 21 and 23 show that two-axis tracking
caused a decrease in amplitude ratio of 2 to 3 dB on the low-
bandwidth axis over the range of significant error power

(0.5 to 1.5 rad/sec). The corresponding phase changes were
less than‘lSO. The decrease in amplitude ratio was expected
on the low bpandwldth axis for subject RL because of the
correspondingly large performance degradation on that axis.

A change of the magnitude observed for subject CP on the low-
bandwidth axis was unexpected, since the change in NMSE was
very small. One of the two describing functions used to
compute this difference may have been from an unrepresenta-
tive sample, The significance of these differences was not
tested since only one describing function per subject was

computed.
3. Summary

Neilther subject showed a significant change in normali-
zed mean squared error for the total-task measurement. One
subject showed no significant changes on either the X or Y
axis. The other subject showed a performance degradation of
almost 100% on the low-bandwidth axis that was effectively
offset by a 16% improvement in performance on the other axis.
Both changes were statistically significant. This same sub-
ject showed no signifiicant changes on either axis when the
forcing-function amplitudes were readjusted to yield the same
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mean squared tracking errors on both axes. The primary change
in the describing function was a lowering of the amplitude
ratio on the low-bandwidth axis.

C. EXPERIMENT 3: HETEROGENEOUS DYNAMICS, HOMOGENEOUS INPUTS

1. NMSE Scores

Table 9 shows the performance levels and percent changes
for the three subjects individually and collectively. Entries
for the individual subjects are the average of nine measure-
ments; twenty-seven measurements were used to compute the
collective means. Significant differences are designated by

asterisks.

Tables B1l3 to BL15 contain analyses of variance of the
normalized mean sdquared error for the proportiocnally-controlled
axis (the "K axis"), for the axis with acceleration control
(the "K/s2 axis"), and for the total task.* The subject-
number interactions were significant at the .001 level for
all three axis conditions. The one-axis, two-axis differences,
therefore, varied greatly among the three subjects. When
tested against the interaction variance, only the K-axis number

effect was statistically significant.

Téble 9 shows that the addition of a second axis of
tracking caused a consistent degradation in performance. That

* Since only one score was obtained per trial for subject
EK, forcing-function segment has been eliminated as a
dimension of the analysis.
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1s, the average two-axis NMSE was slgnificantly greater than
the corresponding average one-axis NMSE for each subject for
the K, K/sz, and total-task measurements. Although the direc-
tion of the effect was the same for all subjects, the magni-
tude was not--hence, the significant interactions and non-
significant main effects.

The average increases in NMSE were 98%, 62%, and 69%
for the K-axis, K/sg—axis, and total-task measurements, res-
pectively, for the subjects collectively. The change in
total-task performance was welghted more heavily by changes
in the K/s2 axis than by changes in the K axis because of the
difference in mean squared errors on the two axes. On the
average, the K-axis errors accounted for only 25% of the
total mean squared error during two-axis tracking.

There were large differences in strategies among the
individual subjects. The subject who showed the smallest
total-task degradation (38%), showed the least change on the
K/s2 axis (13%) and the greatest change on the K axis (124%).
The subject showing the greatest total-task change of 87%
performed in a similar way on the two axes. His NMSE in-
creased 110% on the K axis and about 80% on the K/s2 axis.
The remaining subject showed a smaller percent change on the
K axis (59%) -than on the K/52 axis (91%), while suffering a
total-task degradation of 81%.

Tracking ability improved throughout the course of the
experimental program. Subjects CP and RL achieved an average
NMSE of 0.227 for one-axis acceleration tracking on the Y
axis during the first experiment. When tracking the same
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forcing function with the same controlled-element dynamics
during the final experiment, the same two subjects achieved
an average NMSE of 0.128.

2. Describing Functions

Describing functions for proportional and acceleration
tracking are shown in Figs. 25 to 32. Figures 25 and 29 show
the behavior of the subjects collectively, whereas the re-
mainder of the Bode plots show the behavior of the subjects
individually. The individual-subject describing functions
are the average results of three replications. The resulting
average describing functions, one per axis per subject, were
used to compute the average collective behavior. Amplitude
ratio and phase differences significant at the .05 level, as
determined by a t-test, are indicated by asterisks beside the
points plotted in part b of each figure. Standard deviations
of the amplitude ratio and phase shift at selected frequencies
are indicated in the figures by brackets.

Open-loop describing functions (human controller cas-
caded with the controlled element) are presented for data
obtained from proportional tracking so that the gain crossover
frequencies and phase margins may be determined by inspection.
The human controller's describing function has the same criti-
cal frequencies and time delay as the open-loop describing
function and may be derived from the latter by subtracting
12 dB from the amplitude ratio at all frequencies. Human
controller describing functions are presented for accelera-

tion tracking.
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There are at least two kinds of changes that we might
/expect the two-axis situation to i1nduce in the human con-
'troller's describing function. One kind of change--one that
we have seen in the previous two experiments--is a relatively
uniform lowering of the amplitude ratio which will result in
larger tracking errors. Another type of change that we might
expect from tracking with heterogeneous controlled element
dynamics is a change 1n the human controller's equalization
(i.e., critical frequencies and time delay). A change in
equalization will probably (but not necessarily) degrade
system performance.* In general, one might expect to see
both a change in equalization and an overall shift in the

amplitude ratio.

The describing functions have been approximated by

transfer functions of the following form:

(T s+1) e 78

H(s) =

(10)
(TI,S+1)(TIS+1)(TNS+1)

T and TN represent the time delay and neuromuscular lag dis-
cussed by McRuer et al (Ref. 3). The remainder of the model
is a departure from that of Ea. (2), which was derived from
Ref. 3, in that we have added a second lag term (TI,S+1).

¥ TIf the controller is able to adopt the optimum equaliza-
tion when tracking a single axis, any change in equaliza-
tion caused by two-axis tracking must degrade performance.
However, if his equalization is not optimal in the one-
axis situation, he may be able to track just as well with
some other non-optimal equalization in the two-axis sltua-
tion. '

-53-



This lag affects only the low frequency response, and ;/TI,
was always 1.0 or less rad/sec. This modification is neces-
sary to provide an adequate approximation to our describing
functions, some of which exhibit a low-frequency lead-lag
behavior.

One of the models postulated by McRuer et al (Ref. 3)
and Magdaleno (Ref. 16) contains a low-frequency lag-lead
network to account for the low-frequency phase lags observed
by the authors. They attribute this phenomenon to properties
of the neuromuscular system. However, our data indicate a
lead-lag (rather than a lag-lead), which is not likely to
result from the same mechanism. The lead-1lag behavior ob-
served by us may have been introduced because the subject
was required to track with both K and K/s2 dynamics.

The parameters of the approximations are tabulated in
Table 10. We found that the high-frequency behavior of all
the K~axis describing functions were adequately simulated
with T = .09 sec and 1/Ty = 16 rad/sec. The value for T is
the same as that used by McRuer et al (Ref. 3). The value
for TN
mately .11 for a tracking situation in which C = K/(s-a).

is somewhat less than his value, which was approxi-

It is, however, within the range of values obtained by
Elkind (Ref. 1) in his studies of systems in which the con-
trolled element was a simple gain K. 1In addition, a lag TI
of 0.4 sec, corresponding to a critical frequency of 2.5
raq/sec, appeared in all K-axis describing functions. All
variations occurred in the lead-lag network represented by

time constants TL and TI"
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Figure 25 shows the describing functions averaged for
the three subjects for the K axis. Low-frequency lead
appeared in both the one-axis and two-axis describing func-
tions. Two-axis tracking caused a decrease in amplitude
ratio at all frequencies below 8 rad/sec. These differences
ranged from 8 dB at 1/16 rad/sec to 2 dB at 4 rad/sec and
were statistically significant between 1 and 4 rad/sec.

Over this freduency range, the differences were approximately
3 dB, which is what we would expect from the doubling of the
NMSE. The two-axis situation also caused an increase in phase
shift of up to 20 degrees at frequencies below 2 rad/sec, but
these differences were not statistically significant.

There is a corresponding difference in the analytic
approximations. Whereas 1/TL remains constant at .25 rad/sec,
1/TI, increases from 0.5 rad/sec for one-axis tracking to 1
rad/sec for two-axis tracking. This increase in 1/T;.,
coupled with a lowering of the gain K, , accounts for much of
the difference between the one- and two-axis describing

functions.

There is, however, a discrepancy at high frequencies
between the measured describing functions and the analytical
approximations that will affect our interpretation of the one-
axis two-axis differences. The negligible changes in
measured phase shift at the gain crossover frequency
(8 to 10 rad/sec) indicate that the controller did not
increase his phase margin for the two-axis task. The
analytic approximations, on the other hand, indicate an
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increase in phase margin of about 10 degrees resulting from
the lowering of the amplitude ratio at high frequencies.

Figures 26 to 28 contain the K-axis describing functions
for the individual subjects. Each subject showed a statisti-
cally significant decrease in amplitude ratio over part of
the spectrum under two-axis conditions. In addition, two of
the subjects changed their low-frequency equalization.

Subject RL (Fig. 26) showed a statistically significant
decrease in amplitude ratio at all but one measurement fre-
quency below 8 rad/sec. This difference was a maximum of 13
dB at 1/16 rad/sec, decreased monotonically to 2 dB at 1
rad/sec, and increased to around 4 dB at 2 and 4 rad/sec.
There were increases in the phase shift to 20 to 40 degrees
between frequencies of 1/8 to 1/2 rad/sec.

The analytic approximations differ in the values chosen

for T. and T An approximation to the single-axis describ-

L Ite
ing function has been derived with TL and TI' = 0. Critical
frequencies of 1/TL = .33 and ;/TI, = 1 rad/sec are necessary

in order to approximate the low-frequency lead-lag behavior

of the two-axis describing function.

Figure 27 shows that subject EK also lowered his ampli-
tude ratio in the two-axis situation and, to some extent,
modified his equalization. The amplitude ratio decrease was
significant at all frequencies below 4 rad/sec and ranged
from 4 to 8 dB. There was an increase in the phase shift at
all frequencies below 16 rad/sec. Significant phase dif-
ferences of 25 to 30 degrees occurred at 2 and 4 rad/sec.
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The analytical approximations to the one- and two-axis
describing functions both contain a low-frequency lead-lag
behavior and differ in the value .chosen for the zero fre-
quency (l/TL). Whereas 1/TI, is fixed at 1 rad/sec, 1/TL
decreases from 0.5 sec for one-axis tracking to 0.25 rad/sec
for two-axis tracking. A decrease in L/TL accounts for the
increase in phase shift at frequencies below 2 rad/sec.

The remaining subject, CP, (Fig. 28) lowered his K-axis
amplitude ratio over the entire spectrum. Significant dif-
ferences of 1 to 3 dB occurred between 1 and 4 rad/sec.
Phase changes were generally less than 10 degrees and of
little practical significance.

This subject showed somewhat more low-frequency lead
than elther of the others. Since the equalization was the
same for both one- and two-axis tracking, a single approxi-
mation is presented in Fig. 28. The low-frequency parameters
of this approximation are 1/T; = .06 and 1/TI, = .33 rad/sec.
The remaining time constants are the same as for the other

subjects.

The average K/s2 describing functions are shown in Fig.
29. Two-axlis tracking caused a decrease in amplitude ratio
at all but two measurement frequencies. The amplitude ratio
decreased between 1 and 2 dB over the frequency range of
significant error power (1-4 rad/sec). Phase differences
were generally less than 10 degrees. None of the gain or
phase differences was statistically significant.
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Since there was no change in equalization, a sing.ie
analytical approximation has been derived for the pair of
describing functions. A good approximation is obtained with
a zero (1/TL) at .25 rad/sec, a pole (1/Ty;) at 4 rad/sec, and
a time delay of .07 sec. The lag constants ’I‘I and TI' are

zero.

Our decision to attribute the pole at 4 rad/sec to the
neuromuscular system is based on the work of Magdaleno (Ref.
16). He discusses a simplified model of the neuromuscular
system which contains one forward network (muscle load
dynamics) and one feedback network (combined effects of the
muscle spindles and Golgl tendon organs). His model shows
that the break fredquency associated with T, decreases as the

N
feedback gain is reduced.

The human controller may adjust his neuromuscular feed-
back, and consequently his TN’ when the controlled element
dynamics are varied. When tracking with dynamics of X, the
human controller is in effect attempting to reprcduce the
input waveform. In order to maintain the necessary control
over the position of the control stick, he will probably
generate a high level of neuromuscular feedback and a rela-
tively small TN‘ When tracking with dynamics of K/sg, the
controller is less concerned with precise control of stick
position and behaves somewhat as a bang-bang controller. In
this siftuation, the controller may reduce the neuromuscular
feedback in order to obtain a high forward gain with a con-

sequent increase in TN'
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Measured describing functions for the individual subjects
are shown in Figs. 30 to 32. From Fig. 30 we see that in the
two-axis situation subject RL lowered his amplitude ratio
from 1 to 2 dB over the frequency range of 1 to 4 rad/sec.
The accompanying phase-shift differences were generally less
than 15 degrees and not statistically significant. Figure 31
shows that there was no significant change in the describing
function of subject EK. Subject CP (Fig. 32) lowered his
amplitude ratio from 2 to 3 dB over the range of significant
error power. The differences were statistically significant
at a number of measurement frequencies. The accompanying
phase differences, some of which were statistically signifi-
cant, were on the order of 10 degrees and provided a larger

phase margin for two-axis tracking.
3. Summary

Two-axis tracking caused an average 1increase in the
normalized mean squared error of about 70% for the total
task. The performance degradation was about 60% on the K/s2
axis and almost 100% on the K axis. The performance degrada-
tion was reflected in the describing functions primarily by
a lowering of the amplitude ratio over the frequency range of
significant error power and in some cases by a change in
equalization. Some of the amplitude ratio differences on
the K axis were statistically significant and were on the
average greater than the amplitude ratio differences on the
K/s2 axis.

-59-



There were noticeable differences among the subjects.
Two of the subjects showed greater percent changes 1in the
K-axis NMSE than in the K/32 axis. These same subjects also
changed their equalization on the K axis by providing more
low-frequency lead in the two-axis situation. The remaining
subject behaved differently in that (1) he showed greater
performance degradation on the K/s2 axis than on the K axis
and (2) he failed to change his equalization on either axis.

D. VARIABILITY OF RESULTS

One of our original hypotheses was that there would be
one-axis two-axis differences in the variability of the
results. That is, we exXpected the two-axis situation to
produce a less consistent as well as degraded performance,
compared to the one-axis performance. Quantitative assess-
ments of the variability of the NMSE and the describing
functions, based on standard deviations, are presented in

this section.

1. Variability of the NMSE

The standard deviation of the NMSE scores divided by the
mean of the scores is used as a measure of the variability.
Normalization of the standard deviation in this way provided
a measure that was relatively independent of task difficulty.
One such measure was obtained from each subject-axis-bandwidth
condition for one- and two-axis tracking. Each mean and

standard deviation was based on nine NMSE scores.
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Table 11 shows the average variability for each axis
condition for each of the three experiments. Zach entry of
Table 14a is the average of nine measures of variability--
one for each subject-bandwidth condition of Experiment 1.
Two measurements were used to compute the averages in Table
11b, one per subject, for the first variation of Experiment
2. Three measures, one per subject, provided the averages
shown in Table 11c¢, for the third experiment. No test was
performed for the statistical significance of the one-axis

two-axis differences.

Changes in the variability of the normalized mean
squared error performance were inconsistent. The X-axis
variability was less during two-axis tracking, whereas the
opposite trend occurred on the Y-axis. The total-task vari-
ability changed less than 5 percent for Experiments 1 and 2
and increased 25% for Zxperiment 3. These small and incon-

sistent changes do not appear to be of practical significance.

2. Variability of the Describing Function

The system performance (i.e., the NMSE) depended most
critically on the amplitude ratio of the describing function
over the octave or two of the frequency scales just below the
input bandwidth. This portion of the spectrum contained most
of the error power. Consequently, standard deviations of the
amplitude ratio measurements at 1, 2, and 4 rad/sec were used
as indicators of describing function variability. These
standard deviations were available only from Experiment 3--
the only experiment in which we computed more than one des-

cribing function per subject per condition.
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The average standard deviations and the one-axis two-
axis differences are shown in Table 12. Each entry is the
mean of nine standard deviations--one per subject per measure-
ment frequency. Each of the component standard deviations is
based on three measurements. Differences were small and of
little practical significance. Two-axis tracking resulted
in an increased variability of only 0.1 dB on each axis.

E. REMNANT DATA

A sampling of remnant data are presented for Experiments
1 and 3. Data were obtained from RL and CP, the two subjects
who participated in both of these experiments. In order to
avoid inaccuracies caused by recirculating noise, only rem-
nant data obtained from input-to-error and input-to-stick
measurements have been considered. These remnant measures
are required for testing various models of the two-axis
controller. In particular, a change in the portion of the
NMSE not linearly correlated with the input would indicate
that not all of the one-axis two-axils difference in NMSE can
be accounted for by a one-axis two-axis difference in the

describing function.¥

The error remnant data for Experiment 1 (homogeneous
control situation) are shown in Table 13a and for Zxperiment
3 (heterogeneous dynamics) in Table 13b. The normalized mean

¥ Since the describing function is a linear approximation to
the human controller's behavior, a change in the describing
function will affect only that portion of the error that is
correlated with the input.
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squared remnant error (NMSEu) and the normalized mean squared
total error (NMSE) are given for one- and two-axis conditions,
and the one-axis* two-axis differences are tabulated. The
NMSE is defined as the mean squared value of the component

of error not linearly correlated with the input signal,
divided by the mean squared input deviation. Fach value of
NMSE shown in Table 13a is the average of four 100-sec mea-
surements, one for each axis for each subject. FEach NMSE
entry is the average of the appropriate NMSE's shown in Table
5. The corresponding entries in Table 13b have been computed
in the same way, except each average 1s based on two rather
than four measurements, since the two axes are considered

separately.

One-axis, two-axls differences between remnant measures
(NMSEu) were relatively small for the homogeneous control
situation. Two-axis tracking produced an increase of 0.013
in the NMSEu, which represents roughly a 10% increase. This
increase accounted almost entirely for the increase in total
NMSE.

A similar difference (0.015) in NMSE,, occurred on the
K axis when the dynamics were heterogeneous. This increase
represented a more than tripling of the one-axis NMSEu, but
nevertheless accounted for less than half of the increase in
the total NMSE. The increase in NMSEu was larger on the
K/S2 axis (0.047) and again accounted for aktout 60 percent of
the total NMSE increase.
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F. SUMMARY

Tracking in a homogeneous control situation produced
one-axis two-axis performance differences that were, in
general, statistically significant but small. There were no
significant differences in total-task performance when the
input bandwidths were heterogeneous. Performance differences
that occurred on the individual axes disappeared when the
input amplitudes were adjusted to produce approximately

equal amplitudes on the two axes.

Relatively large changes occurred when the controlled
element dynamics were heterogeneous. The normalized mean
squared error increased an average of about 60% on the axis
with acceleration dynamics and almost 100% on the axis with
proportional control. The total-task NMSE increased about 70%
in the two-axis situation. Much of the increase in NMSE was
accounted for by a lower two-axls amplitude ratio over the
range of frequencies in which the error power was significant.
In addition, two of the subjects changed their equalization
on the K axis by providing greater low-fredquency lead during

two-axis tracking.

The variability of the human controller's performance
was essentially the same in the one- and two-axis control
situations. There were relatively large one-axis two-axis
differences 1in the uncorrelated portion of the normalized
mean squared error when the dynamics were heterogeneous, which
suggests- that the observed mean squared error differences
cannot be attributed entirely to changes in the describing

function.
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VI. DISCUSSION
A. FACTORS AFFECTING TWO AXIS PERFORMANCE

Of the many factors tested in this series of experiments, only
three appeared to have had an important effect on the per-
formance of the human controller in a two-axis task relative
to that in a one-axis task. These are: (1) visual-motor
interference effects; (2) attentional effects; and (3) the
requirement of generating simultaneously two different
equalizations. The last one of these had the greatest effect

on system and human controller performance.

1. Visual-Motor Interference

When the human controller is controlling simultaneously
in two axes and is using an integrated display and control,
we would expect a certain amount of cross-coupling or inter-
ference between the stick movements intended for the two
axes. This interference may be introduced in the visual
system where the presence of an error or error velocity in
one axis may interfere with the ability of the human con-
troller to estimate error displacement and veloclity in the
other axis. The interference may also occur in the motor
system where a movement intended for one axis inadvertently
leads to a movement in the other. In addition, random cross-
coupling introduced at the central processing level may pro-
duce interference effects similar to those introduced in the
visual and motor systems. In our experiments we cannot dist-

inguish among interference introduced at the visual, motor,
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or central processing level, and we shall lump all three
types of interference together under the designation visual-
motor interference.

It is reasonable to assume that the components of the
error on one axis resulting from visual-motor interference
effects will be uncorrelated with the input forcing function
on that axis. This assumption can be justified by noting
that the forcing function inputs on the two axes were
uncorrelated in our experiments. Moreover, since we would
expect that the human controller would attempt to compensate
for any systematic (i.e., non-random) cross-coupling, the
components of motion due to interference would be random at
least with respect to their direction. Given the assumption
that the interference components are uncorrelated with the
input, we can consider the interference to be a source of

remnant.

Table 13a shows that for the homogeneous control situa-
tion almost all of the increase in NMSE is accounted for by
the increase in the NMSEu, the uncorrelated portion of the
normalized mean-squared error. In the case of Experiment 3,
which was performed with heterogeneous dynamics, the increase
in NMSEu accounted for almost half of the increase in NMSE.
If we assume that the increase in NMSEu observed in going
from one- to two-axis ftracking is entirely due to visual-
motor interference, we can account for almost all of the

degradation in performance observed with homogeneous dynamics.
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A simple model for predicting visual-motor interference
effects 1s obtained by assuming that the interference com-
ponent on an axis 1is proportional to the stick displacement
on the other axis. TUnder this assumption, the component of
error on axis A due to interference from axis B is

o ] CA 2
Erp = Kpgy ] Sgp | —2 | do (11)
o} 1+H,C
A~A
where EIA is the mean-squared error on axis A due to inter-

ference, SSB is the power density spectrum of the stick move-
ment on axis B, CA is the transfer function of the controlled-
element on axis A, HA is the human controller's A-axis

describing function, and k is the interference coefficient.

BA
Since
Hy, | °
S = Sre | o | (12)
BB
where SIB is the input power density on axis B, we can re-
write Eq. (11) as follows:
w 2 2
i S H H,C
EIA = kBA2 f |—I_BT ‘ B i l —i | dw (13)
0 :I.+HBCB HA 1+HACA

where w, is the cut-off fredquency of the input.

For Experiment 1, in which the controlled-element dynamics

in the two axes were the same, we can expect HB = HA' Further-
more, in the region in which most of the input power is
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concentrated, the closed-lcop transfer function in the A
axis is approximately unity. Under these assumptions Eq.
(43) reduces to

w

i S
2 ,* IB
E = f —_— . dw (14)
1A = ¥pa >
o |14mpcyl
Therefore
_ 2
NMSE, = kg,~ x NMSEg (15)
where NMSEIA 1s the normalized mean-squared error due to

visual-motor interference.

The data from Experiment 1 can be used to estimate the
interference coefficient. We find from the data in Table
13a that kBA2 = 0,05, We can check this value of kBA2 by
applying Eq. (13) to the results of Experiment 3 given in
Table 13b. Note that in this case H, # Hgp. However, if we
use the average values of HA and HB in the octave terminating

at = 3.5 rad/sec, Eq. (i3) reduces to

H 2

2 | MMSE (16)

.

k

NMSE, = kgp

Hy

Using the value for kBAg determined above (.05), and

10 dB and HB = 0 dB, we find that NMSEIA = ,001

041, where axes A and B refer to the K and

letting HA

and NMSEIB
2

K/s axes, respectively. The corresponding changes in

NMSEu are .045 and .047.
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. Thus, this simple model predicts well the change in
NMSE in the K/52 axis but not in the K axis., This result

is not surprising since kAB2 was obtained u31ng data from

an axis in which the controlled-element was K/s . Apparently,
the interference coefficient depends upon the dynamics of the
axis in which the interference occurs.

2. Allocation of Attention

Allocation of attention is the extent to which a sub-
ject concentrates on or gives preference to one axis of the
control task at the expense of the other when tracking two
axes simultaneously. Attentional effects of this kind are
evident in the results of all three of the experiments we
performed. They are most clearly seen, however, in the
behavior of subject RL in Experiment 2. As indicated in
Table 8, when the mean-squared inputs in the two axes were
equal, the NMSE of subject RL on the low-bandwidth axils
showed a large increase in going from one to two axes, whereas
the NMSE on the high-bandwlidth axes actually decreased
slightly. When controlling two axes simultaneously, the
subject apparently attended more to the high-bandwidth axis,
which was the source of most of the mean-squared error in
the two-axis task, than he did to the low-bandwidth axis.
This behavior was reasonable if the subject's objective was
to minimize the total mean-squared error, and if by attend-
ing differentially to the more difficult task, he could
actually improve his performance on that axis.
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When the Input amplitudes were adjusted so that the
single-axis, mean-squared error on the two axes were approxi-
mately equal, the one-axis, two-axis performance. differences
were about the same for the high and the low bandwidth axes.
In this situation each axis contributed about equally to the
total mean-squared error and it was important for the subject
to attend to each about equally.

This same kind of concentration on the axis contributing
most to the total error is seen in the results of Experiment
3 in Table 9. When tracking two axes simultaneously with
dissimilar controlled-element dynamics, subject EK managed
to hold the increase total-task performance NMSE to less than
4O percent even though the K-axis NMSE increased over 100
percent. The NMSE in the K-axis was much smaller than in the
K/s2 axis, and minimization of the total mean squared error
was more critically dependent on minimization of the errors
on the K/S2 axis. Much larger changes in human controller
describing functions were observed on the K-axis for this
and the other subjects than on the K/sg—axis.

Some subjects showed a consistent preference for one
axis over the other in the sense of apparently attending
differentially to the preferred axis on the two-axis task,.
Subject CP consistently exhibited a preference for the X-
axis. For example, his NMSE increased 20 percent on the
Y-axis, but decreased 10 percent on the X-axis when he
tracked the 3.5 rad/sec forcing functions in =xperiment 1,
(Table 6). This behavior was not dictated by the experi-

mental conditions, since the actual (i.e., not normalized)
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mean-squared tracking error was slightly greater on the Y-
than on the X-axis in the two-axis situation. His performance

simultaneously a high-bandwidth and a low-bandwidth input on
the X-axis in Experiment 2. His natural preference for the
X-axis input on the Y-axis apparently counterbalanced the
nonhomogeneity of the experiment conditions. This subject
also showed a smaller fractional increase in NMSE on the K-
axis (X-axis) when tracking with heterogeneous dynamics, even
though much larger errors were present on the K/52 axls.

We were not able to measure directly the allocation of
attention in these experiments with integrated display and
control. As a result it was not possible to determine quantita-
tively the relation between attention and performance. The
attentional process that we encountered in these experiments
is not a sampling process such as would be observed in qxperi—
ments with non-integrated displays. Sampling would lead to
an increase in effective time delay which is not seen in the
describing functions we obtained. The attentional process
that operates in the type of experiments we conducted appears
to be more easily described in terms of an importance welghting
associated with each of the components of the total-task error.

3. Heterogeneity of Required Equalization

The largest one-axis, two-axis performance differences
were observed in Experiment 3 in which the controlled-element
dynamics in the two axes were different. From Table 9 we
see that the K-axis NMSE in the two-axis task was twice that
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in the single-axis task. The K/sg—axis NMSE was 60 percent
larger in the two-axis situation than in the one-axis situa-
tion. Large one-axis, two-axis differences in human controller
describing functions were observed in the K axis of this
experiment. The two-axis gain, lead break frequency, and

galn cross-over frequency vere generally lower in two-axis

tracking than in one-axis tracking.

It is clear from the results of Experiment 3 and the
other two experiments that the heterogeneity of the controllied-
element dynamics is responsible for the large changes in
performance and in human controller describing function.
Experiment 1 demonstrated that two-axis operation was poss-
ible without important performance changes when the dynamics
were homogeneous. Experiment 2 demonstrated that differences
in spectral characteristics of the error signal and stick
movements did not lead to important changes in total task
performance. Table 13 shows that visual-motor interference
effects can account for at most 40 percent of the increase
in NMSZ observed in Experiment 3. The source of the large
changes in Experiment 3, particularly on the K-axis, is thus
fairly well pinpointed to the heterogeneity of the controlled-
element dynamics. This result is consistent with the results
obtained by Verdi (Ref. 5) and Chernikoff (Ref. 7).

When the controlled-element dynamics in the two axes
are different, the human controller must provide different
kinds of equalization in the two axes in order to stabilize
the system and to achieve good performance. For C(w) = K,
lag equalization is required. In one-axis tracking, the
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amplitude ratio of the describing function of all three sub-
jects exhibits a -20 dB/decade slope in the region of gain
cross-over frequency. For K/82 tracking, the controller
must generate a lead in order to stabilize the system and all
three subjects showed such a lead.

It appears that the necessity for generating simul-
taneously two very different kinds of equalization is the
cause of the large performance differences observed in Experi-
ment 3. In the two-axis situation, the describing function
for the K-axis changes so as to resemble more closely the
K/s2 axis describing function. Table 10 shows that subject
RL adopted a lead-lag characteristic in the K-axis in the
two-axis situation. Subject EK decreased the lead break fre-
quency, thereby producing a more important lead-lag effect in
two-axis tracking. Subject CP did not show important changes
in lead-lag frequencies, but he already had an important
lead-lag in single axis tracking. Moreover, the one-axis,
two-axis differences in his K-axis NMSE were the smallest

of the three subjects.

This conclusion 1s weakened by the fact that two of the
three subjects show evidence of a low-frequency lead-lag in
one-axis K tracking. However, for one of these subjects (EK)
the separation between the lead and lag break frequencies was
only one octave and the lead-lag had a relatively small effect
on the describing function in one-axis tracking. For the
other of these two subjects (CP) the lead-lag separation was
about 2-1/2 octaves and had an important effect on the describ-
ing function at very low frequencies. However, this subject
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showed only minor one-axis, two-axis differences in the para-
meters of his describing function. '

The important lead-lag observed in the one-axis K-axis
describing function of subject CP and to a lesser extent with
subject EK was unexpected. Such an effect was not found by
Elkind (Ref. 1) in his study of K-axis tracking. One possible
explanation for the presence of this effect in the describing
functions of subject CP is that he was trained first with
K/s2 dynamics and had extensive practice with this type of
controlled-element before they started training with K
dynamics. Moreover, much of the K training for both subjects
was in a two-axis situation in which the other axis had a
K/s2 controlled-element. They may have simply continued the
strategy of providing a lead-lag that was appropriate to
K/s2 tracking when controlling K dynamics. Figure 10 of
Ref. 11, which contains describing functions obtained in our
preliminary experiments, shows that the describing function
of subject EK did not exhibit a low-frequency lead-lag before

that subject was trained with heterogeneocus dynamics.

It should be noted that the large one-axis, two-axis
differences observed in Experiment 3 were obtained after all
subjects had received extensive training in this control
situation. Subjects CP and RL had about 6 hours of experience
in this situation with heterogeneous dynamics{ Subject EK
had 8 hours. There is no indication that further training
would have eliminated or reduced the differences in per-

formance materially.
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B. FACTORS NOT AFFECTING TWO-AXIS PERFORMANCE

Many of the factors tested in our experiments do not
appear to have an important effect on the performance of the
human controller in a two-axis control situation. These
are: (1) information transmission rate limitations, (2)
switching mechanisms, (3) single-channel central processing,
and (4) increased variability in two-axis control situations.

1. Information Processing Limitations

The rate at which information 1is transmitted in a con-
tinuous tracking task can be defined (Ref. 17) as

W.

. i S.(f)
R =/ log, 2
o

Sy(f)

(17)

R = W, log, (NMSE,)
where W, 1s the input bandwidth in cycles/second and Si(f)

and SN(f) are the power density spectra of the input and the
remnant. Estimates of the information rate for ZXperiments

1 and 2 are given in Table 14. There were made using Eq.

(17) and the data from Table 13. For Experiment 1, the total
information rate in the two-axis situation was very nearly
twice that of the one-axis situation. Clearly, the human
controller was not information rate limited in this experi-
ment. In the K-axis of Experiment 3, the single-axis informa-
tion rate of 4.1 bits/sec was about equal to the information
rate obtained by Elkind and Sprague with a similar input in
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their studies of information transmission with single-axis
compensatory systems in which the dynamics were equal to K
(Ref. 17). In the two-axis task the information rate in the
K-axis dropped to 3.1 bits/sec. The total information rate
of 5 bits/sec for the two-axis heterogeneocus situation was
less than the sum of the information rates obtailned in each
axis separately.

We do not think that this decrease in information rate
is evidence for an information rate limit. First of all,
information rates as high as 8 bits/sec have been observed
in continuous tracking (Ref. 7). Second, in preliminary
experiments with subject EK, in which we compared one- and
two-axis tracking with K dynamics on both axes, we found
that the NMSE in each axis did not increase in going from
one to two axes. We infer from this result that the informa-
tion rate per axis remained about constant and that the
controller transmitted twice as much information in the two-

axis task as he did in the one-axis task.

2. Switching Mechanisms

The human controller could exhibit switching behavior
at the sensory, central processing, or motor levels when
performing a multi-dimensional task. Switching would result
if he attended sequentially to the several components of the
multi-dimensional task. If non-integrated displays are
employed, switching behavior would be necessary as the
subject scanned the several displays. In our experiments
with an integrated display such scanning was not necessary.
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However, the subject could still monitor and correct errors

“ ¥ Al+armad+ralty  TrrAare AN AMA P 11 A +and +A
On A ana 1 aiverndaveLy. Errors on one axis would tend to

increase while errors on the other axis were being reduced.

At the output level, corrective motions would tend to appear
on one axis at a time. Additional switching would occur at
the central processing level in the heterogeneous dynamics
task if the subject were able to generate only one type of
describing function at a time. Switching at this level should

also appear at the motor level, since the subject could not

nnnnnn N e I ~ o
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Any type of switching behavior in a two-axis tracking
situation that is not present in a one-axis situation should
increase the human controller's effective time delay and
thereby increase his phase lag at high frequencies. We found
no consistent increase in phase lag at high freduencies with
the addition of a second axis. Furthermore, visual inspection
of the recordings of error and control waveforms did not re-
veal the effects of switching. Thus, we conclude that
switching mechanisms are not an important factor in two-

axis tracking with integrated display.

3. Single-Channel Central Processing

The fact that the human controller can perform about as
well in each axis of a two-axis control situation with homo-
geneous dynamics as he could in a single-axis situation implies
that he can process both channels of information simultaneously.
Furthermore, since there is no evidence for a switching
mechanism 1t appears that the two channels are processed in

parallel rather than sequentially.
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In the case of Experiment 3 (heterogeneous dynamics) we
found large one-axis, two-axis differences in human controller
describing functions. It appears that the requirement for
generating two different equalizer characteristics imposes
some strain on the controller's signal processing abilities.
Although apparently he still processes both channels in
parallel, the two-axis describing functions tend to resemble
each other more closely than do the one-axis describing function.

L4, Short-Term Variability

We originally expected that the addition of a second
axis would increase the variability of the human controller's
characteristics, especlally in the subjectively complex task
of tracking with heterogeneous dynamics. Contrary to our
expectations we found that the one-axis, two-axis differences
in variability of NMSE and describing functions were relatively
small and not significant. Thus, there is no evidence for
increased variability in two-axis tracking and this factor
can be eliminated as a possible source of degradation of the

human controller's performance.
C. MODIFICATION OF THE SINGLE-AXIS MODELS

The single-axis human controller models provide predic-
tions of two-axis behavior that are reasonably good in control
situations in which the controlled-element dynamics are homo-
geneous. These predictions will, however, be subject to
errors from two sources--visual-motor interference and dif-
ferential attention. The single-axis models should be modified
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to 1nclude these factors if accurate predictions are to be
achieved.

The amount of visual-motor interference will depend upon
the controlled-element dynamics and upon the design of the
control device. The simple proportional cross-coupling model
proposed in this section seems to provide a reasonably good
prediction of interference effects once the coupling coeffi-
cient is determined. The coupling coefficient, however, will
have to be determined in a separate experiment.

Differential allocation of atfention can have an important
affect on system performance in an axis which is receiving
little attention. The allocation of attention appears to
depend upon subject training and preferences, signal ampli-
tude, and no doubt upon other factors such as display

-sensitivity and instructions. We do not yet know how to

measure attention or to predict its effect on performance.
A good procedure to follow in experiments with two-axis
systems would be to attempt to control for attentional effects

to insure that equal attention is allocated to each axis.

The most important changes to the one-axis models are
required when the controlled-element dynamics are hetero-
geneous. In this situation major changes in the form of the
human controller's describing function are observed. It
appears that when different equalizer characteristics are
required of the subject for the two axes, his two-axis des-
cribing functions tend to resemble each other more than they
do in a one-axis tracking situation. We have not yet been
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"able to develop methods for predicting the extent of the
changes in describing functions that occur in this kind of
heterogeneous situation. This is one of the important pro-
“blems in manual control that reguires solution.

The factors that we find to be important in two-axis
control situations are likely to be important also in higher
dimensional control situations. We have not done any experi-
ments with such higher dimensional systems, and therefore
cannot predict whether these effects are greater or less in
such situations. This problem will be investigated in future

experiments.
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VII. CONCLUSIONS

Three factors that affect human controller character-
istics in two-axis control situations have been identified.
These are: (1) visual-motor interaction, (2) differential
allocation of attention, and (3) nonhomogeneity of required
equalization when the controlled dynamics are not homogeneous.
Single-axis describing function models for the human con-
troller must be modified to include the effects of these

. . .
factors in n accurate predictions of human
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controller characteristics in two-axis situations. These
factors are also likely to have important effects on per-

formance in higher-dimensional control situations.

A simple model has been developed for predicting visual-
motor interference effects. Models for the prediction of
attention and equalization effects have not yet been deve-
loped. Further work is reduired to develop such models and
to determine how to apply them to higher dimensional systems.
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TABLE 1

Controlled-Element Dynamics for Experiment 3

Subject Controlled-Element Dynamics
X Axis Y Axis
RL n 64/
cP 4 64 /s°
EK 64/s2 L
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TABLE 2

Participation of Subjects

Subject Experiment
Experiment 1 Experiment 2 Experiment 3
Homogeneous Heterogeneous Heterogeneous
Control Inputs Dynamics
Situation
RL X X X
CP X X X
BL b 4
EK* X
*

Data from this subject were obtained during the preliminary
phases of the experimental program.
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Session

TABLE 3

Formal Experimental Plan

| Run Number

no

un

o0
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Task

X-AX1IS
Y-AXIS
2-AXIS

Y-AXIS
2-AXIS
X-AXIS

2-AXIS
X-AX1IS
Y-AXIS



/

Session

1

O 0O 1 O 1 = W M

TABLE 4

Experimental Plan for Subject E.K.

Run Number
1-3
h-6
7-9
10-12
13-15
16-18
19-21
22-24
25-27
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Task

2-axis
X-axis
Y-axis
X-axis
Y-axis
2-axis
Y-axis
2-axis

X-axis



TABLE 5

Performance Levels for Experiment 1

(Homogeneous Control Situation)

Normalized Mean Squared Error

X axis Y axis Total Task
Subject l-axis 2-axis l-axis 2-axis l-axis 2-axis
Input Bandwidth = 3.5 radians per second
RL 0.22 0.24 0.24 0.27 0.23 0.26
cP 0.26  0.23 0.21  0.26 0.24  0.25
BL O.éﬁt 0.27 0.20 0.27 0.22 0.27
3 subj 0.24  0.25 0.22  0.27 0.23  0.26
Input Bandwidth = 2.5 radians per second
RL 0.11 0,11 0.08 0.09 0.10 0.10
CP 70.127"70.11 0.08 0.10 0.10 0.11
BL O.if. O.i6 0.10 0.13 0.13 O.14
3 subj 0.13 ; 0.13 7 0.09 0.10 0.11 0.12
Input Bandwidth = 1.5 radians per second
RL 0.032 0.032 0.025 0.029 0.029 0.030
cP 0.051 0.045  0.026 0.035  0.039 0.040
BL 0.061 0.067 ] 0.030 0.043 0.046 0.054
3 subj 0.048 0.048  0.027 0.036  0.038 0.042
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TABLE 6

Differential Performance Levels for Experiment 1

(Homogeneous Control Situation)

Percent Change in Normalized Mean Squared Error

Input
Bandwidth Subject X Axis Y Axis Total Task
RL 9 13 12
3.5 CP -10 20% L
BL 12 35%* 22%
3 subj I D3X*% 13%%
RL 1 3 1
2.5 CP -8 5% % 5
BL -8 3C*¥* 6
3 subj 5 20 L
RL 0 13 5
1.5 CP -12 3L 3
BL 8 L3% 19%%
3 subj -1 30% %% 10%*

* Signiflcant at the .05 level
** Significant at the .01 1level
*¥¥% Sjignificant at the .001 level
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TABLE 7

Differential Performance Levels for Experiment 1
(Homogeneous Control Situation)

Percent Change in Normalized Mean Squared Error,
Averaged over the three bandwidth conditions

Subject X Axis Y Axis Total Task
RL 3 10 6
CP -10 27 4
BL 4 36 16

3 subj -1 24 9
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TABLE 8

Performance Levels for Experiment 2
(Heterogeneous Inputs, Homogeneous Dynamics)

a. Normalized Mean Squared Error

Subject X Axis (Wi=1'5) Y Axis (wi=3.5) Total Task

1-axis 2-axis l-axis 2-axis l-axis 2-axis
CP 0.031 0.034 0.13 0.13 0.079 0.082
RL(1) 0.017  0.034 0.12 0.10 0.067 0.066
RL(2) 0.022 0.024 0.15 0.14 0.040 0.041

b. Percent Change in Normalized Mean Squared =Error

Subject X-axis (wy;=1.5) Y-axis (w;=3.5) Total Task

CP 9 -2 4
RL(1) Q6% %% -16%* -2
RL(2) 8 -5 1

* Significant at the .05 level
*%*  Significant at the .01 level
**¥¥ Significant at the .001 level

The mean squared input was 4.0 cm2 for the X and Y axis

conditions for subjects CP and RL(1). Mean squared X and Y
inputs were 6.9 and 1.1 cm2 respectively for subject RL(2).
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TABLE 9

Performance Levels for Experiment 3
(Heterogeneous Dynamics, Homogeneous Inputs)

~ AT m o ™ 2 o 0 ] AL o [ Yo TR R L T A TNy~
A e NOLNda L1420 NMeal oyuadareu LLI'LOL
. 2
Subject K Axis K/s“ Axis Total Task

1-Axis 2-Axis 1-Axis 2-Axis 1-Axis 2-Axlis

RL 0.049  0.103 0.14 0.25 0.094 0.18
—gcf B 0.039 0.062 0.11 0.22 0.075 0.14
FK 0.037 0.083 0.43 0.44 0.082 0.11
“é g;;;” 0.042  0.083 0.13 0.21 0.083  0.14

b. Percent Change in Normallzed Mean Squared Error

Subject K Axis K/s® Axis Total Task

"“g;"“’ - 116?** TO*** BT * %%

”'éP - i “ﬁéé*** QL*** 81 %%x
-Fk - 124 % %% N » 13*% 38%xx

3 subj 98 **% 62 69

* Significant at the .05 1level
*% Significant at the .01 1level
*¥%#¥%  Significant at the .001 level
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TABLE 10

Analytic Approximations to the Describing Functlions of Experiment 3
(Heterogeneous Dynamics, Homogeneous Inputs)

3 Subjects RL EK CP 3 Subjects
K-Ax1is K-Axis K-Axis K-Axis  K/s° Axis

Parameter 1-Axis 2-Axis 1-Axis 2-Axis 1-Axis 2-Axis 142 Axes 1+2 Axes
T seconds  0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.07
1/TN rad/sec 16 16 16 16 16 16 10 Y
L dB 9 1.5 13 2 10 2 0 -18
1/T; rad/sec .25 .25 0 .33 5 .25 .06 il
1/TI, rad/sec .5 1 0 i 1 1 .33 0
1/TI rad/sec 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0

The analytic approximations were of the form:

(T s+1) e °

K

(TI,S+1)(TIS+1)(TNS+1)
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TABLE 11

Variability of the Normalized Mean Squared Error

a. Homogeneous Control Situation
Percent
Axis 1-axis 2-axis Change
X .062 .O54 -12
Y .066 . 068 1
Total Task .050 - 2

b. Homogeneous Dynamics,

Heterogeneous Inputs

X .067 .058 -13

Y .040 .049 22

Total Task .037 .038 3
c. Heterogeneous Dynamics, Homogeneous Inputs

X .054 .ou5 -17

Y : _ .0L6 .065 L1

otel Task . 7 .o45 25

Total Task .036
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TABLE 12 —
Variability of the Describing Function

Data were obtained from Experiment 3
(Heterogeneous Dynamics, Homogeneous Inputs)

Average Standard Deviation in 4B

AxXis l-axis 2-axis Difference
K 0.9 1.0 0.1

2
K/s 0.4 0.5 0.1
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TABLE 13

Zrror Remnant Data

NMSE total mean squared error
NMSEu mean squared error not linearly correlated with
the input, divided by the mean squared input.
Number
Axis of Axes NMSEu NMSE
a. quogeneggs Control Situation
Average 1 0.096 0.234
of 2 0.109 0.250
X and Y 2 -1 0.013 0.016
b. Hepgpogeneous Dynamlics, Homogeneous Inputs
1 0.006 0.044
K 2 0.021 0.083
2 -1 0.015 0.039
1 0.048 0.13
2
K/s 2 0.095 0.21

2 -1 0.047 0.08
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TABLE 14

Estimates of Information Rate

Experiment Axis No. of Axes R/Axis Total R
bits/sec’ Dbits/sec
1 Average 1 1.9 1.9
of X and Y
1 Average 2 1.8 3.6
of X and Y
3 X 1 4.1 4.1
2
3 K/s 1 2.4 2.4
3 K 2 3.1
5.0
3 K/s° 2 1.9
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FIG,1 BLOCK DIAGRAM OF SINGLE AXIS MANNED FLIGHT CONTROL SYSTEM
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FI1G.2 SINGLE AXIS COMPENSATORY DISPLAY
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FIG.3 SIMPLIFIED BLOCK DIAGRAM OF FLIGHT CONTROL SYSTEM
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FIG.4 BLOCK DIAGRAM OF A TWO-AXIS MANUAL CONTROL SYSTEM
WITH INTEGRATED CONTROL AND DISPLAY CONFIGURATION
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FIG.6 FUNCTIONAL DIAGRAM OF THE TWO-AXIS TRACKING SYSTEM
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£ x-component of the input forcing function.

x-component of the error displayed to the human operator.
x-component of the stick deflection(operator's response).
x-component of the system output.

x-component of the operator's response that is not
linearly correlated with ix or i .

linear relation between x-component of operator's
response and x-component of error.

controlled element relating x-component of system
output to x-component of stick deflection.

Signals and system functions in the Y axis correspond
to those defined above for the X axis.

“16.7 LINEAR FLOW DIAGRAM OF THE TWO-AXIS
COMPENSATORY TRACKING SYSTEM
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F16.8 SUBJECT BOOTH
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APPENDIX A

PARAMETERS OF THE FILTERS USED IN MULTIPLE REGRESSION ANALYSIS

The pertinent control signals were converted to digital

format at the rate of 10 samples per second. The parameters

of the digital filters used in the computation of describing

functions were chosen to be optimum for each measurement

situation. The three measurement situations and the corres-

ponding filter parameters are listed below.

1.

Human controller describing function, C(s) = K

Filter Poles: .5, 1, 2, 4, 8 radians per second
Time Delay: 0.1 second.

Input-Output describing function, C(s) = K

Filter Poles: 1, 2, 4, 8, 16 radians per second
Time Delay: 0.1 second.

Human controller describing function, C(s) = K/52
Filter Poles: 2, 2.8, 4, 5.7, 8 radians per second
Time Delay: none (Sufficient phase lag was provided

by the rational-polynomial portion of the filter to
simulate the human controller's time delay.)
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APPENDIX B
ANALYSES OF VARIANCE
FOR THE
NORMALIZED MEAN SQUARED ERROR

TABLE B1
Analysis of Variance for NMSE

Experiment 1: Homogeneous Control Situation
Input Bandwidth = 3.5 rad/sec

* % Significant at the .01 level

*¥#% Sipgnificant at the .00l level

-133-

X axis

Sums of Mean

Squares Degrees of Square
Source X 100 Freedom x 100 F-Ratio
Within 5.5 36 0.15
Number of Axes 0.08 1 0.08 <1.0
Signal Segment 5.2 2 2.6 L7 **%
Subjects 0.37 2 0.19 1.3
Seg. x No. . 0.65 2 0.33 2.2
Subj. x No. 0.70 2 0.35 2.3
Subj. x Seg. 1.1 L 0.27 1.8
No. x Seg. x Subj. 0.76 4 0.19 1.3

* Significant at the .05 1level



TABLE B2

Analysis of Variance for NMSE

Experiment 1: Homogeneous Control Situation

Input Bandwidth = 3.5 rad/sec

Y axis

Sums of Mean

Squares Degrees of Square
Source x 100 Freedom x 100 F-Ratio
Within 6.9 36 0.19
Number of Axes 3.1 1 3.1 LO***
Signal Segment 1.9 2 0.93 L,g*%
Subjects 0.42 2 0.21 1.1
Seg. x No. 0.18 2 0.09 <1.0
Subj. x No. 0.38 2 0.19 1.0
Subj. x Seg. 1.6 Y 0.39 2.1

4 0.23 1.2

No. x Seg. x SubJ. 0.90
* Significant at the .05 level

*% Significant at the .01 level

*¥%  Significant at the .001 level
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TABLE B3

Analysis of Variance for NMSE

Experiment 1: Homogeneous Control Situation

Input Bandwidth = 3.5 rad/sec

-135-

Total Task
Sums of Mean
Squares Degrees of Square
Source x 100 Freedom X 100 F-Ratio
Within 4.1 36 0.11
Number of Axes 1.1 1 1.1 10%*
Signal Segment 3.3 2 1.6 L5***
SubJects 0.02 2 0.01 <1.0
Seg. x No. 0.33 2 0.17 1.5
Subj. X No. 0.37 2 0.48 1.6
Subj. x Seg. 0.98 il 0.25 2.3
No. x Seg. x Subj. 0.76 4 0.19 1.7
* Significant at the .05 level
*¥* Significant at the .01 1level
*¥#%  Sipgnificant at the .001 level



TABLE B4

Analysis of Variance for NMSE

Experiment 1: Homogeneous Control Situation

Input Bandwidth = 2.5 rad/sec

-136-

X axis
Sums of Mean
Squares Degrees of Square
Source x 400 Freedom x 400 F-Ratio
Within 8.2 36 0.23
Number of Axes 0.26 1 0.26 1.1
Signal Segment 1.1 2 0.56 2.4
Subjects 12 2 6.0 26% %%
Seg. x No. 0.13 2 0.06 <1.0
Subj. X No. 0.48 2 0.09 <1.0
Subj. x Seg. 0.12 4 0.03 <1.0
No. x Seg. x Subj. 0.11 4 0.03 <1.0
* Significant at the .05 1level
** Significant at the .01 level
*¥%¥ Significant at the .001 level



TABLE B5
Analysis of Variance for NMSE

Experiment 1: Homogeneous Control Situation
Input Bandwidth = 2.5 rad/sec

Y axis

Sums of Mean

Squares Degrees of Square
Source x 400 Freedom x Loo F-Ratio
Within 3.2 36 0.088
Number of Axes 1.6 1 1.6 h.6
Signal Segment 4.8 2 2.4 27 *¥
Subjects 3.2 2 1.6 <1.0
Seg. x No. 0.00 2 0.00 <1.0
Subj. x No. 0.70 2 0.35 L, o%
Subj. X Seg. 0.63 4 0.16 1.8
No. x Seg. X Subj. 0.64 4 0.16 1.8

* Significant at the .05 level
*% Significant at the .01 1level

*¥*¥  Sipnificant at the .001 level
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TABLE B6

Analysis of Variance for NMSE

Experiment 1: Homogeneous Control Situation

Input Bandwidth = 2.5 rad/sec

* Significant at the .05 1level
*% Significant at the .01 level

*%¥% Significant at the .001 level

-138-

Total Task

Sums of Mean

Squares Degrees of Square
Source x 400 Freedom x 400
Within 3.6 36 0.10
Number of Axes 0.14 1 0.14
Signal Segment 0.97 2 0.48
Subjects 6.9 2 3.4
Seg. x No, 0.04 2 0.02
Subj. x No. 0.05 2 0.02
Subj. x Seg. 0.24 4 0.06
No. x Seg. x Subj. 0.28 i 0.07

F-Ratio

1.4

4.8%
IYx*x
<1.0
<1.0
<1.0
<1.0



* Significant at the .05 1level
** Significant at the .01 1level

*¥%¥% Significant at the .001 level
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TABLE BT
Analysis of Variance for NMSE
Experiment 1: Homogeneous Control Situation
Input Bandwidth = 1.5 rad/sec
X axis
Sums of Mean
Squaris Degrees of Squaﬁe
Source x 10 Freedom x 10 F-Ratio
Within 20 36 0.55
Number of Axes 0.02 1 0.02 <1.,0
Signal Segment 5.9 2 3.0 5.5%%
Subjects 92 2 L6 BUY¥**
Seg. x No. 0.85 2 0.42 <1.0
Subj. x No. 2.8 2 1.4 2.5
Subj. x Seg. 5.7 4 1.4 2.5
{
No. X Seg. x Subj. O.44 - 4 0.11 <1.0



TABLE B8
Analysis of Variance for NMSE

Experiment 1: Homogeheous Control Situation
Input Bandwidth = 1.5 rad/sec

Y axis

Sums of Mean

Squaris Degrees of Square
Source x 10 Freedom x 10 F-Ratio
Within 17 36 0.47
Number of Axes 9.4 1 9.4 Q0% %%
Signal Segment 2.6 2 1.3 2.7
Subjects 7.8 2 3.9 8,3%*%
Seg. x No. 1.8 2 0.91 1.9
SubjJ. x No. 2.0 2 1.0 2.4
Subj. x Seg. 0.86 4 0.22 <1.,0
No. x Seg. x Subj. 0.47 4 0.12 <1.0

* Significant at the .05 1level
*% Significant at the .01 level

*¥%¥¥  Significant at the .001 level
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TABLE B9

Analysis of Variance for NMSE

Experiment 1:

Homogeneous Control Situation

Input Bandwidth = 1.5 rad/sec

Source

Within

Number of Axes
Signal Segment
Subjects

Seg. x No.
Subj. X No.
Subj. X Seg.

No. x Seg. x Subj.

*¥*

¥ %

Total Task
Sums of Mean
Squares Degrees of Square
x 400 Freedom x 400 F-Ratio
11 36 0.30
1.9 1 1.9 6.3%
4.2 2 2.1 7.0
39 2 19 20%%
0.32 2 0.16 <1.,0
1.6 2 0.79 2.6
3.9 4 0.97 3.2
0.38 4 0.09 <1.0
Significant at the .05 level
Significant at the .01 1level
Significant at the .001 level
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TABLE Bi10

Analysis of Variance for NMSE

Experiment 2: Heterogeneous Inputs, Homogenecus Dyhamics

Input Bandwidth = 1.5 rad/sec

X axis

Sums of Mean

Squarﬁs Degrees of Square
Source x 10 Freedom x 10 F-Ratio
Within 5.2 24 0.22
Number of Axes 8.5 1 8.5 2.0
Signal Segment 2.1 2 1.0 <1.0
Subjects 3.7 1 3.7 <1.0
Seg. x No. 0.74 2 0.37 1.7
Subj. x No, 4,2 1 4,2 20%**
Subj. x Seg. 2.4 2 1.2 5, 5%%
No. x Seg. x Subj. 0.66 2 0.33 1.5

* Significant at the .05 level
*% Significant at the .01 level

*¥¥% Sipnificant at the .001 level
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TABLE Bi1

Analysis of Variance for NMSE

Experiment 2: Heterogeneous Inputs, Homogeneous Dynamics

-

Input Bandwidth = 3.5 rad/sec

*% Significant at the .01 1level

*%¥% Significant at the .001 level
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Y axis

Sums of Mean

Squares Degrees of Sauare
Source x 100 Freedom x 100 F-Ratio
Within 0.76 24 0.03
Number of Axes " 0.06 1 0.06 2.0
Signal Segment 0.07 2 0.03 <1.0
Subjects 0.48 1 0.48 <1.,0
Seg. X No. 0.09 2 0.05 1.7
Subj. x No. 0.03 1 0.03 1.0
Subj. x Seg. 0.27 2 0.43 L, o%
No. X Seg. x Subj. 0.03 2 0.02 <1,0

* Significant at the .05 level



TABLE Bi12
Analysis of Variance for NMSE

Experiment 2: -Heterogeneous Inputs, Homogeneous Dynamics

Total Task

Sums of Mean

SQuaris Degrees of Squaﬁe
Source x 10 Freedom x 10 F-Ratio
Within 17 24 0.71
Number of Axes 0.08 1 0.08 <1.0
Signal Segment 0.17 2 0.09 <1.0
Subjects 20 1 20 28% %%
Seg. x No. 0.61 2 0.31 <1.0
Subj. x No. O.4k 1 O.u4 <1.0
Subj. x Seg. 4.0 2 2.0 2.8
No. x Seg. X Subj. 1.4 2 0.71 1.0

* Significant at the .05 level
** Significant at the .01 1level
*%¥%¥ Significant at the .001 level
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TABLE B13

Analysis of Variance for NMSE

Experiment 3:

Source

Within
Number of Axes
Subjects

Subj. x No.

* %

¥* ¥ %

Heterogeneous Dynamlcs, Homogeneous Inputs

K axis

Sums of Mean
Squaris Degrees of Square

x 10 Freedom x 10 F-Ratio
52 L8 1.1

228 1 228 19%
62 2 341 2.0
.24 2 12 11 %%%

Significant at the .05 level
Significant at the .01 level
Significant at the .001 level
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TABLE Bi1i

Analysis of Variance for NMSE

Experiment 3: Heterogeneous Dynamics, Homogeneous Inputs

K./'s2 axis

Sums of Mean

Squares Degrees of Square
Source x 100 Freedom x 100 F-Ratio
Within 6.0 L8 0.13
Number of Axes 8.1 1 8.1 6.7
Subjects 3.6 2 1.8 1.5
SubjJ. x No. 2.5 2 1.2 g, 2% *¥

* Significant at the .05 level
*% Significant at the .01 level

*¥%x% Sipgnificant at the .001 level
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TABLE B15

Analysis of Variance for NMSE

Experiment 3: Heterogeneous Dynamics, Homogeneous Inputs

Total Task

Sums of Mean

Squares Degrees of Square
Source x 400 Freedom x 400 F-Ratio
Within 5.0 48 0.10
Number of Axes 18 1 18 16
Subjects 5.4 2 2.7 2.5
Subj. X No. 2.2 2 1.1 11 %%%

* Significant at the .05 1level
*% Significant at the .01 1level

*%%¥ Significant at the .001 level
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“The acronautical and space activities of the United States shall be
conducted 5o as to contribute . . . to the expansion of huaman knowl-
edge of phenomena in the aimosphere and space._ The Administration
shall provide for the widest practicable and appropriste dissemination
of information concerning its activities and the vesults thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless of
importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distribu-
tion because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in connection
with a NASA contract or grant and released under NASA auspices.

. TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information derived from or of value to INASA
activities. Publications include conference proceedings, monographs, data
compilations, handbooks, sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION PUBLICATIONS: Information on tech-
nology used by NASA that may be of particular interest in commercial and other

nonaerospace applications. Publications include Tech Briefs; Technology
Utilization Reports and Notes; and Technology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546



